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Orbiting Space Debris:
Dangers, Measurement and Mitigation

1. INTRODUCTION

With the continued use of space for commercial, military, and scientific purposes, the number
of objects orbiting the Earth has steadily increased over tli= past 33 years. There are now over
7000 objects larger than 10 centimeters! and an estimated 30,000 to 70,000 smaller objects,
1-10 cm long in Earth orbit. There are an estimated 10 billion objects in the range of 0.1 mm to 1
cm in Earth orbit.2 The large number of objects in orbit raises the threat of debris colliding with
important functional spacecraft. The increase in the amount of space debris is a growing problem
that has the potential to limit the future use of near Earth orbits.

Space debris is defined as any object that is in orbit around the earth not in use, or
controlled, or of any scientific or econiomic value (for example objects that have been discarded
and left in orbit at the end of their useful lives). Space debris includes old, non-operational

Received for Publication 20 April 1992

1 United States Space Command, Space Analysis and Data Branch (1991) Space Surveillance
Center Catalog, United States Space Command, Cheyenne Mountain Air Force Base, Colorado.

2 European Space Agency (1988) Space Debris: A Report from the European Space Agency
Space Debris Working Group, France: European Space Agency, ESA SP-1109, p.15.



satellites, used rocket boosters/bodies, and parts of satellites discarded during operations. It also
includes fragments of objects that have disintegrated through intentional or accidental explosion
or collision, and objects as small as paint chips that have broken off satellites. The number of
objects in orbit that are 10 centimeter or larger is growing at an average rate of 240 per year.3 The
growth rate of smaller objects is unknown due to the uncertainty of the number and size of smali
debris produced by events such as satellite fragmentation.

The distribution around the Earth of the largest space objects, those large enough to be
tracked by the United States Air Force Space Surveillance System, is shown in Figure 1 and
Figure 2. Figure 1 shows the location of all objects tracked by the United States in near Earth
orbits at an instant in time. Figure 2 shows a wider view of Earth orbit that includes the

geosynchronous ring, with its high percentage of satellites clearly visible.

Figure 1. Locations of Near Earth Orbit Objects Contained in the Space Command
Satellite Catalog at 0000 GMT. I January 1989

3 Based on US Space Command Catalog,.
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Figure 2. Positions of All Objects Contained in the Space Command
Satellite Catalog at 0000 GMT, 1 January 1989

1.1  Background Environment

Space debris has been accumulating since man first started launching objects into orbit.
In fact Explorer 1, the third satellite ever launched and the one that discovered the Van Allen
radiation belts, is still in orbit and will remain there for the next several thousand years.

In 1988 there were an estimated 2,000,000 kg of manmade objects in Earth orbit.2 These
objects range in size from large satellites and space stations, to wrenches dropped by astronauts,
to paint chips and small solid rocket exhaust particles. Many of these objects are in long lived
orbits and will remain in orbit for the foreseeable future.

The 30,000 to 70,000 objects in orbit that are larger than 1 cm are typically metal, either
aluminum, steel, or titanium, and they are found in approximately the same proportion as each is
used in building spacecraft. These objects typically have a high ballistic coefficient which gives
them longer lifetimes on orbit, while increasing the possibility of damaging other space systems.

There is also a natural meteor background that poses similar threats as space debris to
space systems. An accepted estimate of the mass of near-earth meteors within a volume of 2000
km radius around the Earth is 300 kg at any one time. These meteors are on a hyperbolic



trajectory and move very quickly through the space near Earth. Meteors can be rocks. dust, ice,
or a number of other substances. Typical velocities of meteors are on the order of 20 km/sec. At
these velocities, most sub-millimeter sized meteors vaporize on contact and do not cause
significant structural damage.

Manmade objects are typically in near-Earth orbit where they circle the Earth and remain
a threat to other near-Earth space systems. While natural meteors and micrometeors only have
one chance of colliding with a particular object as they pass by the Earth, an object in Earth orbit
has two chances of collision on every orbit.

In order to characterize the threat to space systems it is important to know the
characteristics of debris. This includes the number, size, altitude, orbit and composition of the
debris. (These details are covered in detail in Section 3.) An effective method for llustrating the
chances of collision with debris is with the cumulative collision flux. The cumulative collisional
flux has units of collisions per square meter per year. It gives the expected flux of objects with a
given size or larger through a one meter square area in near-Earth space for one year. The
collisional flux along an orbit is a function of its altitude and inclination and the debris
environment. NASA has developed a computer based model to aid in determining the cumulative
collisional flux. Figure 3 shows the collisional probability for low Earth orbit as a function of size.

To find the collisional probability, multiply the orbital debris flux by the projected surface
area for the spacecraft and the number of years in operation. Because of the rapidly increasing
number of objects in orbit the probability of collision between satellites and space debris has
increased dramatically over the past few decades.

One important aspect of the debris problem to consider is that the size of the debris that is
considered dangerous to space operations is very small (1 mm) due to their very high orbital
velocities. Collision velocities between two near-Earth orbiting objects can reach as high as 15
km/sec, but the mean is on the order of 10 km/sec or 22,500 miles per hour. Collisions at this
velocity are known as hypervelocity collisions or impacts. Types of hypervelocity impact damage
include penetration, perforation, detached spall, local deformation, erosion and fractures. Failure
modes assoctiated with these types of collision can range from catastrophic rupture of a
pressurized module, to explosions of fuel tanks, or degradation of performance of a solar array.
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Figure 3. Cumulative Collisional Flux per Square Meter per Year
as a Function of Size for Low Earth Orbiting Satellites*

Because of the high kinetic energy associated with even very small hypervelocity objects,
objects as small as paint chips are significant. Collisions with debris as small as 1 mm could be
catastrophic for many space systems. During the Space Shuttle Mission STS-7, a 0.2-mm paint
fleck impacted on the shuttle's side window. Although it did not puncture the window, it did
require replacing the window prior to the next flight, a $50,000 repair. The Space Station's
pressurized modules are going to be protected by shields and bumpers to withstand collisions
with objects 1 cm or smaller in size, but at considerable cost and additional weight. Most other
space systems are constructed to minimize weight and are not as well shielded for protection
against space debris as the space station or space shuttle. All satellites are very vulnerable to the
types of damage done by space debris. Satellites rely on an extensive set of electronic components

4 Orion International Technologies (1991) Program Review: Long Term Debris Propagation
Models (Space Debris). Orion International Technologies.



which are double or triple redundant to ensure successful mission completion. If a small piece of
debris penetrates an electronics box of a satellite, the system will fail and the only indication the
operators may receive is loss of communication and control of the satellite. With most deployed
space systems currently on orbit, an object smaller than one-half cm diameter is adequate to
penetrate and destroy the satellite. Section 4 discusses damage scenarios and provides results
from hypervelocity impact studies. Table 1 lists the most likely critical types of failure for various

subsystems due to collisions with debris.

Table 1. Critical Types of Failure for Various Subsystems Due to Hypervelocity Impacts

Subsystems
Probable Critical Pressure ) | Special
Types of Failure GCabite Tanks | Radiators|Windows| Electronic Suriaces
Catastrophic Rupture X X X
Detached Spalling X X X X
Secondary Factures X X
Leakage X X X
Shock Pulse x X X
Vapor Flash X
Deflagration X
Deformation X X
Reduced Residual Strength X X X X
Fluid Contamination X X
Thermal Insulation Damage X X
Obscuration X
Erosion X X

NASA SP-8042, Meteoroid Damage Assessment, Space Vehicle Design Criteria (Structures),
May 1970, obtained from E.L. Christiansen briefing "Meteor/Debris Shielding®, 2 April 1991.

1.2  Current Interest In Space Debris

Space debnis s a relatively new environmental concern. The amount of objects we leave in
orbit by intentional or unintentional acts has increased over the past thirty years. These
uncontrolled and discarded objects in space are becoining a major threat to future space systems.
In fact, space debris is now considered the largest threat to the proposed International Space
Station Freedom. If the debris continues to be produced at its current rate, the probability of the

6



Space Station colliding with a piece of space debris 1 cin or larger over a 30 year mission is 9-14
percent.?

Other proposed large systems, such as the proposed Strategic Defense Initiative's Brilliant
Pebbles system being designed to protect the United States from ballistic missile attack, and the
Air Force’s proposed Space Based Radar system designed to provide radar data during hostile
bomber attack, will face similar threats of collision with the increasing number of space objects.

1.3 Policy Developments

Space debris has recently gained significant attention in some space organizations and in
the media. The first significant report on space debris was from a military perspective and was
provided in the Air Force Scientific Advisory Board's report in December 1987 titled "Current and
Potential Technology to Protect Air Force Space Missions from Current and Future Debris" % In
November 1988, the European Space Agency published a report titled "Space Debris".2 In
September 1990, the Office of Technology Assessment published the report "Orbiting Debris: A
Space Environmental Problem”.7 These reports were the first official expressions of concern in the
space community on the issue of space debris. Many organizations such as the American
Institute of Aeronautics and Astronautics (AIAA) have been investigating the threat of space
debris for space activities and methods to control it. Specialized classes are now available through
AlAA to educate the aerospace community about the problems associated with space debris.
Space debris even has its own dedicated periodical, titled "The Orbital Debris Monitor".8

While all this attention has increased the awareness of the problem, it has not provided
clear solutions. Problems exist with determining the number, size, and distribution of existing
orbital debris. Modelling efforts are based to a great extent on broad, generalized assumptions
that make their confidence levels very low. To improve these models, more data is required on the
amount of debris and their production rates and mechanisms.

Controversy exists over what effects the proposed increased launch activities associated
with such programs as the Strategic Defense Initiative's Brilliant Pebbles or the commercial
Iridium communications satellites will have on the debris population. Other concerns include the
effects of anti-satellite weapons programs and tests.

5 Rex D. (1990) European investigations on space debris, presented at the Orbital Debris
Workshop llil, ESA Space Debris Working Group, Technical University of Braunschweig, Federal
Republic of Germany, also, Advances in Space Research, 10 (No.3-4):347-352.

6 United States Air Force Scientific Advisory Board (1987) Report of the Ad Hoc Commilttee on
Current and Potential Technology to Protect Air Force Space Missions from Current and Future
Debris, United States Air Force Scientific Advisory Board.

7 United States Congress, Office of Technology Assessment (1990) Orbiting Debris: A Space
Environmental Problem--Background Paper, OTA-BP-ISC-72, Washington, D.C.: U.S. Government
Printing Office.

8 "The Orbital Debris Monitor" is published by Darrin McKnight. Information is available at
12624 Verny Place, Fairfax, VA 22033-4383.



Another major concern is the possibility of the Kessler Effect. The Kessler Effect describes
the possibility of self generation of debris due to random collision between objects in space. The
problem is that space objects will eventually randomly collide with other space objects creating a
large number of smaller but more numerous debris. This then increases the risk of further
collisions and the creation of additional debris. This self generation of additional debris could
outpace the removal mechanism due to atmospheric drag in higher orbits, thus creating an
unstable, increasing population of space debris. This effect has the potential for rendering certain
orbits unusable for any manned or mission-essential spacecraft.

The Kessler Effect was advanced by Donald Kessler of NASA. His research indicates that
in certain altitude regimes the critical number of objects and mass has already been exceeded
and the generation of additional debris caused by collisions between objects will outpace the
removal rate by atmospheric drag. If this is true, then the problem will get worse even if there are
no additional objects placed in orbit. This concept is gaining wider acceptance within the
scientific community. The Kessler Effect will be discussed in greater detail in Section 2.

Given all the unknowns, uncertainties and controversies associated with space debris,
remedial steps need to be taken in order to solve or at least minimize the problem. These steps
will require money and effort. With all the recent publicity this issue has received, money and
effort may become available. However, as with any environmental issue, the organizations funding
the program want immediate results. While attention is focused on this issue, it is important to
develop a comprehensive program that can survive the political and emotional arguments and
proceed to develop accurate assessments of the risk of space debris and sound recommendations
for its elimination in the future.

1.4  Areas to be Covered in This Report

This report discusses the many aspects of the space debris problem. After this
introduction, Section 2 will focus on the history of space debris accumulation and the various
types of debris and their sources and available information on each. Section 3 will address the
space debris environment, including the distribution of debris in terms of size, altitude and
inclination.

Section 4 discusses the hazards associated with space debris and assesses the risk to
space systems, and S«ction 5 examines the current space surveillance systems used for tracking
large space objects and their limitations in tracking small objects. Section 6 addresses existing
and proposed measurement programs designed to provide a better understanding of the space
debris environment. Section 7 discusses possible mitigation efforts to limit the growth and effects
of space debris. Section 8 will discuss the legal implications of space debris, focusing on both
international and domestic laws and regulations. Finally, Section 9 wiil provide some
recommendations for fiture policies to itmit the growth of the space debris population.



2. THE HISTORY OF SPACE DEBRIS ACCUMULATION

This section will discuss the types and sources of space debris. It begins with a description of
several launches of current satellite systems. The gradual accumulation of debris in orbit will be
discussed. An extensive discussion of fragmentation debris -- the largest source of orbital debris --
and its causes will follow. The last part of this section discusses the natural removal mechanisms
for debris.

2.1 "Typical' Space Launches

During a typical space launch a number of objects are discarded and left in orbit. This
number depends on the specific satellite and how strictly debris abatement policies are enforced.
The core of the debris problem is that once a spacecraft has reached orbit, any and all discarded
objects will remain in a similar orbit with similar lifetimes as the satellite.

2.1.1 DEFENSE METEOROLOGICAL SATELLITE PROGRAM SATELLUITE

The Defense Meteorological Satellite Program (DMSP) satellite resides in a sun-
synchronous 450 nautical mile orbit inclined at 98.75 degrees to the equator, one of the highest
debris populated orbits. DMSP provides global cloud data and other specialized meteorological
data to the Department of Defense in support of its world-wide operations.

The DMSP satellite is launched on an Atlas E launch vehicle. Only the satellite and the
satellite kick booster are placed into orbit. All other booster debris, such as the flaring and clamp
bands, quickly falls back to Earth prior to reaching orbit. When the satellite reaches the proper
orbit the kick motor is released and becomes debris. These types of upper stage kick motors have
become a substantial source of small debris due to explosions that have occurred years after
deployment of the satellite. This issue will be discussed in depth later in this section.

During initialization of the DMSP satellite, several objects are released into the operational
orbit; these objects include bands, cords and covers. Two bands per satellite are used to secure
the solar array for launch. Each band is made of 3/32 inch stainless steel and is 165 inches long.
These bands are cut and released as debris during deployment of the solar arrays. Two other cords
secure a glare obstructor that shields the sensors from extraneous light. These two cords, which
are 3/64 inch diameter kevlar and 18 inches long, are also released as debris. These kevlar cords
are not detectable by the current space surveillance radar systems used by the United States.



During initialization of the DMSP spacecraft, two covers (the radiator cover and the optical
cover), intended to protect instruments and other parts of the spacecralt during preparations and
launch, are released as debris. The radiator cover is kapton coated urethane on a metal frarne and
ts 11 x 11 X 1 inches and weighs approximately 1/2 pound. The other cover is the optics cover.
This nickel and copper coated epoxy glass panel is approximately 9 x 30 x 6 inches, and it weights
close to 1.5 pounds.?

Deployment of a single DMSP satellite (illustrated in Figure 4) produces seven long-lived
objects besides the satellite. Because all of these objects are released once the satellite has reached
its final orbit, they will have lifetimes of 50-100 years, close to that of the satellite itself. The exact
number of DMSP satellites to be launched is uncertain, because satellites are replaced as required.
However, the planned number of launches of the Atlas booster with either a DMSP or a similar
National Oceanic and Atmospheric Administration (NOAA) satellite is at a rate of two per year from
1988 to 1991.9 Each additional launch continues to add to the amount of debris in near-Earth
orbit. Table 2 lists the typical debris from a DMSP satellite launch.
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Figure 4. Defense Meleorological Satellite Program Spacecraft

9 United States Air Force, Air Force Space Division (1988) Position Paper on Man-Made Debris
Hazards. Afr Force Space Division, Los Angeles Afr Force Base, California,
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Table 2. Typical Debris for a Defense Meteorological Support Program Satellite

Deployment

Number per Expected
DMSP Satellite Size Weight Final Orbit Lifetime
Satellite 1 11 ft 6 inches 1660 Ib 450 nmi circular  50-100 yrs

21 ft with solar array

Kick motor 1 N/A N/A 450 nmi circular  50-100 yrs
Solar aray bands 2 165 inches 0.76 b 450 nmi circular  50-100 yrs
Retaining cord 2 18 inches 0.002 b 450 nmi circular  50-100 yrs
Radiator cover 1 11 x 11 x 1 inches 051 450 nmi circular  50-100 yrs
Optics cover 1 3 x 30 x 6 inches 1.31b 450 nmi circular  50-100 yrs

2.1.2 MID-EARTH ORBIT SATELLITES

Other launches into medium or geosynchronous orbits are similar to the DMSP satellite
launches. Debris abatement policies have been implemented on the more modern systems and
have reduced the number of small debris per launch. For example, a typical launch of the Navstar
Global Positioning Satellite (GPS) (designed to provide very high accuracy three dimensional
navigational information to the user) produces only two pieces of debris per satellite deployment
when launched from a Delta Il rocket. The Delta Il second stage booster and the Payload Assist
Module (PAM) booster are left in a 90 x 10,898 nmi orbit. A depletion burn is accomplished on the
Delta Il second stage to minimize the chance of explosion. Excess propellant is also burned off
from the control system in the PAM boosler to prevent explosion and the creation of additional
debris. The second stage booster is expected to re-enter six months to a year after launch. The
PAM booster is expected to re-enter the atmosphere after 3-5 years, depending mainly on the
initial perigee altitude. The final apogee kick niotor is retained inside the satellite.? Other debris
abatement policies on GPS ensure that retaining pins and deployment systems are self contained
and not released into space. Table 3 lists the debris from a GPS satellite launch.

There is, however, a major source of simaller but more numerous debris. This source of
debris is the GPS PAM booster itsell. The solid rocket propellant of the PAM booster creates a vast
number of very small particles due to the incomplete combustion of the fuel. Millions of 0.001 to
0.1 mm sized aluminum oxide particles are released into orbit and add to the debris environment.
The effect of these very small debris will be discussed in this section.

When the GPS system is fully operational in 1993 there will be 21 operational satellites
and three on-orbit spares. The amount of debris 24 launches will produce will be significant.
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Table 3. Debris Caused by the Deployment of the Global Positioning Satellite System

Number per Expected
GPS Satellite  Size Weight Final Orbit Lifetime
Satellite 1 5ftx 175 ft 1855 Ibs 10,898 nmi >10000 yrs
wth arrays circular
Kick motor 0
PAM-D 1 48 inches 345 lbs 90 x 10,898 nmi  3-5 yrs
Delta Il Second Stage N/A N/A LEO 6-12 months

2.1.3 GEOSYNCHRONOUS SATELLITES

An example of a geosynchronous satellite is the Defense Satellite Communication System
(DSCS). The DSCS system is designed to provide global communications to the Department of
Delense. During deployment of the DSCS system on an Atlas 11/Centaur launch vehicle, the
Centaur upperstage and the apogee kick motor are left as long-lived debris. Other launch
associated debris either re-enters quickly {such as the payload fairing) or is captured or tethered.?
The number of objects of debris per launch is not very high, but when you consider that there
were more than 42 DSCS launches prior to 1987, the amount of debris adds up. The earlier
satellite systems did not include debris mitigation processes in their designs. These older satellites
released a number of retaining pins, straps. and blown off covers into orbit. Table 4 lists the debris
{rom a lypical DSCS satellite launch.

Table 4. Debris from a Signal Delense Satellite Communication System (DSCS)
Satellite Deployment

Number per Expected
DSCS Satellite Size Weight _ Final Orbit Lifetime
Satellite 1 9 ft dia x 7 ft 2,581 Ibs geosynchronous >10000 yrs
Centaur stage 1 10 ft dia x 30t 4,271 Ibs 93 x 18,863 nmi 8-10 yrs
Apogee kick motor 1 114 in dia x 24 in 627 Ibs  geosynchronous >10000 yrs

2.1.4 SCIENTIFIC SATELLITES

The final example of current launches is a scientific satellite -- the combined Chemical
Release and Radtation Exposure Satellite, otherwise known as CRRES. This satellite is a joint
NASA/Air Force mission designed to study the effect of space radiation on advanced electronics
and o investigate the Earth’s magnetic ficld and the radiation it traps. During its mission CRRES
will eject 24 chemical containers into a highly elliptical orbit. These 12 to 25 Ib canisters will
release their chemicals and become space debris. The Centaur booster that placed the CRRES
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satellite in its highly elliptical orbit was supposed to use the residual fuel to lower its perigee
alutude, thus decreasing its lifetime. Unfortunately there was a failure of the booster systems after
the satellite was released and the planned burn did not take place, leaving the booster in orbit.
Table 5 lists the debris generated by the CRRES satellite launch.

Table 5. Chemical Release and Radiation Effects Satellite (CRRES) Debris Created During
the Course of Its Mission

Number per Expected
CRRES Satelite Size Weight Final Orbit Lifetime
Satellite 1 6 ft dia x 6 ft 2,000 Ibs 204x18863 nmi >S50 yrs
300 ft booms
Centaur 1 10 ft hia x 301t 4,271 Ibs 193 x 18,863 nmi  >50 yrs
Canisters
Large 6 18indiax24in 25 1bs >100 yrs
Small 18 9indiax24in 12 |bs >100 yrs

2.2 The Increasing Number of Objects in Orbit

The number of manmade objects in orbit has increased rapidly since the early 1960's. There
are now an estimated 70,000 objects 1 cm or larger and an estimated 3.5 million objects 1 mm or
larger in Earth orbit. Of these objects, only 10 percent or about 7000 are large enough to be
tracked and observed by the United States Space Surveillance System. The Space Surveillance
System is discussed in detail in Section 5. The Space Surveillance Center maintains a catalog of
all the space objects that are regularly observed with their array of sensors. The catalog includes
the object’s designation, origin, and orbital parameters. Due to limitations in equipment, the
catalog contains only objects larger than 10 cm in diameter. Yet the Space Cornmand Satellite
Catalog still provides the best available record from which to deduce the increase in the amount of
objects in space.

During the early 1960's there was a rapid increase in the number of space launches. The
United States and the Soviet Union, being the only space powers al the time, were locked in a race
to see who could utilize space during the height of the cold war. The number of launches has
leveled since the early 1970's and has remained approximately 100 to 120 per year, as shown in
Figure 5.
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Figure 5. Annual Launch Rate by All Nations by Year?

While the number of launches has leveled since the rapid rise of the decade from 1958 to
1968, the number of cataloged objects has steadily increased at a rate of nearly 240 per year
(Figure 6). This is due to longer life-time orbits and fragmentation of existing objects in orbit.
Figure 6 shows the number of objects in the space command satellite catalog for each year from
1957 to 1989. Other lines on the chart show the number of objects in four different categories:
payloads, rocket bodies, fragmentation debris and operational debris. These four categories will be
discussed in detail later in this section. The number of additional objects in orbit that can not be
observed by the Space Surveillance System is difficult to quantify because of the lack of data.

During certain years there was a rapid decrease in the number of objects in the catalog.
This is due mainly to the effects of the 11 year solar cycle and the associated increase in
atmospheric drag. Atmospheric drag serves as a cleansing mechanism for low-Earth orbit. The
effects of atmospheric drag are covered in the last part of this section.
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Figure 6. Number of Objects Contained in the Space Command Catalog by Category
and Year!0

2.3 Sources of Space Debris

The number of objects in orbit from each source can be approximated by using the satellite
catalog. Fragmentation debris, the largest contributor, accounts for 45 percent of the trackable
objects. Inactive paylcads account for 16 percent, used rocket bodies account for 16 percent, and
operational debris accounts for 12 percent. Operational satellites account for only 6 percent of all
trackable objects.

Unfortunately this does not tell the entire story. Trackable debris is limited to objects on
the order of ten centimeters or larger. These are the objects that the United States Space
Command observes regularly and keeps track of their current orbital parameters. Many thousands
of additional objects smaller than 10 cm are not included in this count. It is estimated that there
are between 30.000-70,000 objects larger than 1 cm and 3.5 million objects larger than 1 mm in
orbit.2 Table 6 and Figure 7 show the breakout of the percentages from each source.

10 McKnight, D.S. and -Johnson, N.L. (1990) Breakups and t.:cir effect on the catalog
population, Article AIAA-90-1358 from the AIAA/NASA/DOD Orbital Debris Conference: Technical
Issues & Future Directions, 16-19 April 1990, Baltimore, Maryland.
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Table 6. Approximate Number of Objects in Earth Orbit by Category

Type of Object in Orbit Approximate Percentage of
Number in Orbit Satellite Catalog

Operational Satellites 420 6

Inactive Payloads 1470 21

Operational Debris 840 12

Rocket Bodies 1120 16

Fragmentation Debris 3150 45

Untrackable Objects
> 1 ¢cm 30,000 - 70,000
> 1 mm 3.5 Miltion

Number of Objects in Earth Orbit

All Objects in Space Cataloged Objects in Space
(Uncertain 30,000-70,000) (approx. 7,000)
B Operational Satellites
6%

Trackable Objects

larger than 10 cm Rocket Bodies

16%

Inactive

Fragmentation Payloads
Debris : 21%
45% Oper?tlonal

Untrackable Objects Debris

(Fragmentation 12%

Debris)

1-10 cm

Source: Space Debris Report ESA SP-1109 and McNnight and Johnson,
"Breakups and their effect on the Catalog Population" AIAA 90-1358

Figure 7. Break-oul of Debris in Orbit

Looking at each of these categories individually will provide a greater understanding of the
problem.

16



2.3.1 PAYLOADS

Payloads are the satellites, the experiments and the equipment used in any space activity.
They provide the communications, the observations and the scientific data that justifies the
expense of space flight. Payloads, however, eventually become another type of debris. Once they
are out of fuel or deactivated, payloads for the most part are uncontrolled, useless space objects.
There have been approximately 4000 payloads launched into orbit. Nearly 2000 payloads are still
in orbit, but only 420 are operational. This leaves approximately 1580 old, discarded payloads in
orbit. Most of the current operational payloads will remain in orbit for a long time, well exceeding
their useful lives. Even the most modern geosynclronous communication satellites will last only
10 to 14 years. Satellites in geosynchronous orbit will remain in orbit forever unless removed by
some means. A good example of inactive payloads are the second and sixth satellites launched by
the United States, Vanguard | and Vanguard II. These satellites were launched by the United
States in 1958. They are still in 3000 x 650 km orbits, where they will remain for the next few
thousand years.

2.3.2 ROCKET BODIES

Nearly 50 percent of the total mass of debris on orbit consists of spent upper-stage rocket
motors and tanks. These are left in orbit after they deliver their payloads to orbit. This is typical of
most satellite launches. These boosters number over 1100 or 16 percent of the objects in orbit.
These boosters and rocket bodies also provide the largest percentage of mass for another type of
debris, fragmentation debris. Fragmentation occurs mainly when these discarded boosters explode
due to a number of causes.

Rocket bodies and boosters are left in similar orbits as the payloads they deliver. This
includes most orbits, including geosynchronous and geosynchronous transfer orbits. These tanks,
boosters, and large payloads are the primary concern when discussing the Kessler effect -- one
piece of debris colliding with another, thus forming more debris. This effect and its potential
consequences are further discussed in a later section.

2.3.3 OPERATIONAL DEBRIS

Operational debris is created during the operation of deployment of space systems or
experiments. Objects such as fairings, boosters, despin cables and weights are used during the
deployment of spacecraft into orbit and are considered operational debris. Smaller operational
debris such as bands, pieces of squibs and bolts are also often released. The solar-array cables and
the covers released during the DMSP deployment discussed earlier are considered operational
debris. For the first quarter of 1991, the average number of detectable debris created per successful
satellite launch was close to three. The number of smaller debris produced is uncertain,
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Operational debris has been limited in recent years by the implementation of debris
abatement policies. However not all countries or companies are doing all that is possible to limit
debris.

Scientific experiments have been known to cause a significant amount of operational
debris. In order to collect the desired data or characterize some aspect of the space environment,
objects are released in orbit. One notorious experiment which resulted in a significant amount of
debris is known as the Westford Needles Experiment. In this 1963 communications experiment,
researchers from Lincoln Laboratories in Massachusetts attempted to create an artificial
ionosphere using thousands of small metallic needles in order to reflect radio signals.!! These
needles were to be placed in a high 2000 km X 5000 km near-polar orbit. The first experiment
failed, but a second experiment succeeded in deploying the needles. To date Air Force Space
Command has cataloged only 170 of these needles.!2 They are extremely difficult to track because
of their small radar and optical cross sections. Several thousand additional needles are known to
be in orbit. At these altitudes the needles will remain in orbit for at least several thousand years
(because of the extremely limited atmospheric drag and thcir small surface area to mass ratio).

Other sources of operational debris are the objects accidentally released by astronauts
while performing Extra Vehicular Activities (EVAs). During the Apollo and Gemini mission
astronauts left a range of items in orbil, including a wrench. During a recent space shuttle
mission an astronaut lost a watch. In the book Diary of a Cosmonaut, Valentin Lebedev describes
the number of objects released to space when they opened the air lock to exit the Mir space
station during an EVA. He said that "tiny glitter like dust flew away from the station. Space the
gigantic vacuum cleaner, began to suck everything out of the station. Small bolts and screws lost
long ago. drifted out along with dust from behind the compartment wall quilting: a pencil drifted
out too."!3 While the amount of this unusual type of debris is limited, every object contributes to
the danger of orbital collisions between space debris and operational spacecraft.

2.3.4 FRAGMENTATION DEBRIS

Fragmentation debris is the largest cause of orbital debris. Fragmentation debris is created
when a spacecraft or booster, either intentionally or unintentionally, breaks up or explodes. To
date there have been one hundred and four breakups. Some have resulted in little or no long-lived
debris, while others have created hundreds of objects larger than 10 cm and perhaps tens of
thousands of untrackable, smaller objects. This type of space debris accounts for 45 percent of the
cataloged objects in space.

11 Christol, C. (1982) The Modem Intemational Law of Outer Space, New York: Pergamon
Press, Inc., p. 131.

12 As of 1 July 1991, based on the Space Command Satellite Catalog
13 Debris Chip - Diary of a Cosmonaut, Orbital Debris Monitor, 1 January 1991, pp. 5-6.
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234.1 Causes of Orbital Breakups and Fragmentation

There are many causes of orbital breakups. Some are the resull of deliberate actions,
while some causes are still unknown. As of July 1990 deliberate causes accounted for 42 or 40
percent of all on orbit breakups. Propulsion related breakups are caused by failures in motors,
tanks and engines in either rocket bodies or satellites. Typically the failure has been in tanks
containing excess fuel that expands and ruptures the fuel tank. Propulsion related breakups
accounted for 34 or 32 percent. Unknown causcs accounted for 26 or 24 percent of all on orbit
breakups. Other causes, such as electrical failure (one incident) and command problems (one
occurrence), accounted for the remaining 2 percent.!4 These percentages are listed in Table 7 and
their distribution fllustrated in Figure 8.

Table 7. Percentage of Breakups Due to Different Causes

Cause of On-Orbit Breakups
from 1961 to June 1991 Number Percentage
Propulsion-Related 34 33%
Deliberate 42 40%
Unknown 26 25%
Electrical 1 1%
Command 1 1%
Electrical

Propulsion
Related

Unknown

Command

Deliberate

Figure 8. Percentage of Breakups Due to Different Causes

14 Debris and Launch Watch - 1 July 1990, Orbital Debris Monitor, 1 July 1990.
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2.3.4.1.1 Propulsion-Related Breakups

A large percentage of the breakups (33 percent) have been propulsion related, caused
by residual fuel that detonates and destructs the satellite or booster. Breakups of this type were
regularly observed with Delta Il second stage boosters that detonated if the residual fuel was not
vented after mission completion. Over-pressure caused the partition separating the hydrazine and
the oxidizer to rupture which resulted in energetic explosion and detonation, fragmenting the
booster. 15 At least eight Delta Il second stages have exploded and created 1500 pieces of long lived
debris large enough to be tracked. Heating of the tank in the sunlight caused an over-pressure of
the tanks.

About 20 percent of all known debris is the resuit of rocket body breakups that occur
after the rockets have successfully inserted their payloads into orbit.!6 By 1981, most U.S.
boosters had been modified to eliminate this problem. NASA has developed a design program to
prevent this type of event, and they are willing to share the information with anyone who is
interested. The Soviets have taken similar steps. Despite these efforts, at least three breakup
events of this type have occurred in the past year: an Ariane Booster detonated while placing a
French SPOT imaging spacecraft in a 900 km sun-synchronous orbit; a Chinese Long March
booster exploded after placing a satellite in a similar sun-synchronous orbit; and an Atlas second
stage booster that had placed a satellite in orbit in 1975 exploded last year.

23.4.1.2 Deliberate Breakups

Deliberate acts are the leading cause of satellite breakups. To date 40 breakups in orbit
have been initiated deliberately. There are two major sources of deliberate breakups -- anti-satellite
tests (12 occurrences) and Soviet Cosmos explosions (14 occurrences). The Soviets have typically
destroyed their reconnaissance satellites after they have completed their useful lives to keep the
US from learning about their capabilities by using advanced optical systems to image older
satellites. Another major source of breakups has been anti-satellite tests conducted by both the
US (2 tests) and the USSR (10 tests). These deltberate explosions are considered high-intensity
explosions. Propulsion related explosions are considered to be a lower intensity than deliberate
explosions. These high-intensity explosions produce more small, untrackable debris in the ]| mm
to 10 cm range.?

15 Kaman Sciences Corporation (1991) An Assessment of Recent Satellite Breakups on the Near-
Earth Environment, Kaman Sciences Corporation, Alexandria, Virginia.

16 Johnson, Nicholas (1991) Teledyne Brown Engineering, The Fragmentation of the Fengyun
1-2 Rocket Body (TBE CS90-TR~JSC-013), Orbital Debris Monitor, 1 January 1991.
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23.4.1.2.1 Anti-Satellite Tests

Some causes of fragmentation are the result of anti-satellite (ASAT) tests conducted
- both by the United States and the Soviet Union. A total of twelve breakups have been attributed
to the testing of anti-satellite weapons. This in turn accounts for 7 percent of the current catalog
population.? The results are given in Table 8.

The Soviet anti-satellite concept places an interceptor satellite in an orbit close to
that of the target satellite. It then maneuvers close to the target satellite. As the interceptor
approaches the target, a conventional warhead explodes sending hundreds or perhaps thousands
of small millimeter-sized pellets, similar to BBs or buckshot, that spray the target satellite,
destroying it. The Soviets ran ten such ASAT tests that included satellite breakups. It is unclear
how many anti-satellite weapons were loaded with the smaller fragments that actually accomplish
the destruction of another satellite.

The United States' anti-satellite concept relies on a more accurate interceptor that
actually collides with the taiget spacecraft. These hypervelocity impacts create large amounts of
untrackable debris. The European Space Agency estimates that hypervelocity impacts create 10
times more debris than an explosion event. It estimates that a collision with a 3000 kg spacecralft
will create 30,000 particles over 1 gram where an explosion will create approximately 3,000.2
During the test of the US air launched anti-satellite weapon, a small interceptor collided with the
P-78 Solar Wind satellite. The collision occurred at very high relative velocity (over 6 km/sec) and
created 285 objects large enough to be cataloged. It is expected that several thousand smaller,
non-catalogable objects were also created at the same time and are still in orbit.

During the other United States test, the Delta 180 Strategic Defense Initiative
experiment, two objects collided in orbit, creating 381 objects that were detected. Of the 381
objects, only 18 were cataloged because most of the debris re-entered quickly due to the low
altitude of the experiment.?

The testing of anti-satellite weapons has caused a significant amount of orbital
debris. Much of this debris is still in orbit and it now threatens operational space systems.

Table 8. Space Weapons Tests’

Class of Breakup Number Number of Number of Objects
of Events Objects Cataloged Remaining in Orbit
Phase 1
Soviet ASAT 7 545 296
Phase 2
Soviet ASAT 3 189 154
US ASAT
P-78 Breakup 1 285 38
Delta 180 Experiment 1 18 0

12 1,037 488

21



2.3.4.1.3 Unknown Causes

The third largest group of satellite breakups falls into the category of unknown. These
unexplained breakups total 26. Many of the breakups probably fall into the propulsion or
deliberate categories but have not been classified as such due to a lack of data. There is a chance
that some of these breakups may be the result of collisions with debris. According to the European
Space Agency's statistical analysis, the present density of debris is large enough to have caused
collisions. The leading candidate for a hypervelocity collision with debris is the Cosmos 1275
fragmentation in 1981 that created 281 observable pieces.Z The velocity spread of the debris from
the breakup approximates what scientists expect from an on-orbit collision.

23.4.1.4 Other Causes

Other known causes of f[ragmentation debris have caused on-orbit breakups. One
satellite was fragmented due (o an electrical problem, and another was fragmented by an
anomalous command sent from a ground station.

Fragmentation debris is by far the most dangerous type of debris. Larger debris (> 10
cm) is detectable and, theoretically at least, avoidable. The effect of smaller debris (< 1 mm) can be
minimized by satellite design and shielding. But much of the fragmentation debris falls between
these two limits.

To avolid satellite collisions with large debris, Space Command can determine the future
position of space objects and provide advance warning of a possible collision between cataloged
objects. But for advance warning to be provided, the debris must be large enough to be detected by
the Space Surveillance System. This fact will be addressed in Section 7 in the discussion of debris
mitigation efforts since it is not currently possible to track debris smaller than 10 cm and because
of this no warning of possible collision is available. The capabilities and limitations of the Space
Surveillance Network, the system used by United States Space Command to track space objects, is
discussed in Section 5. Currently a majority of the small fragmentation debris is not trackable. Yet
because of its high velocity, small debris can cause significant damage to even well-shielded
spacecraft. The risks of damage caused by space debris is covered in detail in Section 4.

Fragmentation debris consists mainly of aluminum, steel, titanium and other
substances used in designing rockets, satellites, and other space systems. Most of these are dense
materials, so the atmospheric drag has a lesser effect than it would on less dense paint chips or
exhaust particles. The denser materials also have a higher penetrating ability that makes them
more dangerous. even to shielded systems such as the future Space Station.
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2342 Breakup Modeling

One of the reasons for the wide range of estimates for the number of objects in orbitis
that the dynamics of breakup is not well understood, and no one is sure how many undetectable
particles the fragmentation of a satellite creates. Actual ground-based tests have been conducted
in an attempt to quantify the amount of debris caused by an orbital breakup of a satellite or
booster.

One test used an Atlas missile that was purposely exploded. Almost all the mass went
into fragments 10 cm or larger. Only a small percentage of the booster broke into 1 mm to 1 cm
fragments. The other test performed by Physical Sciences, Inc in Massachusetts, showed a
significantly larger proportion of the fragments falling between 1 mm and 1 cm.!?7 Figure 9 shows
the results of these tests for a sample satellite of 1400 kg. It also shows the amount of debris that
would be created if all the mass were concentrated in a single size of fragments. The Physical
Science, Inc data has been scaled to represent the sample satellite.
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10’
AN
10°} E
™
sl Physical Sciences inc. L ¥
'h:lumbcr of 101~ ypervelocity Test
- élb;l.'nﬂm" (Scaled)
and Larger 10 |-
2
10 - Atlas Missile
Explosion Data
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Figure 9. Expected Number of Fragments per Mass of a 1400 kg Satellite Based on
Fragmentation Test Results!?

17 Kessler, Donald J. (1991) Orbital debris environment for spacecraft in low earth orbit,
Journal of Spacecraft and Rockets, May - June 1991, pp. 347 - 351.
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2.3.4.2.1 Orbital Characteristics of Fragmentation Debris

When satellites break up they form a cloud of debris. The rate of expansion of this
debris depends on the amount of energy released during the breakup. Some energetic breakups
can impart velocities of several hundreds of meters per second in addition to the original orbital
velocity. The energetic breakup of the Delta Il booster on 1 May 1991, imparted enough velocity to
the fragments to cause a 1 to 2 degree change in inclination. It also provided the velocity required
for some pieces to change their apogee altitudes from the original 1100 km to 3500 km.!8 These
differences in velocity cause the cloud of debris to disperse over time and can cause significant
differences in orbital period and inclination. Figure 10 graphically shows the velocity imparted
during an explosion.

The initial velocity distribution is the least developed component of the existing
breakup models. The imparted velocity range on the debris depends largely on the type of
fragmentation that occurs. Explosions can impart velocities 100 to 600 m/sec on fragments.

Initially, any type of fragmentation creates a dense cloud of debris as shown in Figure
11(a).7 Because of the differences in imparted velocity, some debris is thrown into higher orbits,
some into lower orbits. Objects in higher orbits have a longer period of revolution, and hence they
fall behind the faster, lower altitude objects. The initial cloud eventually spreads over the entire
orbit due to differences in the periods caused by the impulse provided by the explosion. This is
shown in Figure 11(b). Debris will also spread over a narrow band, 1-3 degrees, of inclination. The
effect of the oblateness of the Earth (J2) causes the plane of the orbit to rotate around the Earth's
polar axis in the direction opposite the motion of the satellite. This phenomenon is known as the
regression of the node. [Reference 19 p. 504) This will cause the line of ascending node, the point
where the object passes the equator going north, to change for objects at a different rates for
different inclinations. Figure 12 shows the orbital angles discussed for a satellite and debris.

18 Delta Second Stage Break Up, Orbital Debris Monitor,1 July 1991, p. 7.

19 Battin, Richard (1987) An Introduction to the Mathematics and Methods of Astrodynamics,
New York: American Institute of Aeronautics and Astronautics, Inc.
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Figure 10. Imparted Velocity on Debris During Breakup
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The Evolution of a Debris Cloud

Figures 11 a,b,c. Evolution of a Debris Cloud Over Time
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Orbital
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Figure 12. Orbital Elements [Reference 19, p. 124]

Ix, Iy, and Iz are unit vectors forming a right hand coordinate system. Ix is in the
direction of the vernal equinox. In is in the direction of the ascending node. Ie is in the direction
of the perigee. Q is the longitude of the ascending node and is the angle between Ix and In. @ is
the argument of periapsis.

The rate that the longitude of the ascending node changes for any particular piece of
debris is given by Eq. (1).

= R VB -2
%S% = -9.96 (%] (l-cz) (5 coszl) degrees/day (1)

where Req is the equatorial radius of the Earth, a is half of i{,¢ sum of the apogee and perigee
altitude as measured from the center of the Earth, e is the eccentricity, and i is the inclination.

Not only will the debris spread around the globe, but # 'vill also change the argument
of periapsis, the angle from the equatorial plane to the perigee point measured along the orbit. The
average rate of rotation of the line of apsides, the line from the center of the Earth to the location
of perigee, is also dependent on the inclination and is given by Eq. (2). [Refercnce 19, p. 504]

3.5

%Ttl =5 [-R%q-] | (l-cz)-2(5 cosi-1 ) degrees/day (2)
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Over time, the effect of the difference in inclination and period plus the effect of the oblateness of
the Earth (J2) will cause the debris to spread over all right ascensions. Eventually this precession
will spread the debris over a torus around the Earth as shown in Figure 13.

2343 Breakup Example - OMICRON 1961

On 29 June 1961, less than four years into the Space Age, the first occurrence of what
would become the major cause of orbital debris took place. On its first revolution around the
Earth, a Transit 4A payload and the Ablestar rocket that propelled it into orbit, exploded into
several hundred pieces. Post-event analysis determined that either a propulsion-related explosion
or activation of the range safety explosive system caused the explosion.20 This breakup is known
as the 1961-Omicron event and has been an oft-cited example to demonstrate the effects of
satellite fragmentation,

As of January 1991 a total of 297 trackable pieces of Transit 4A had been cataloged.
Approximately 230 trackable objects rematn in orbits that range from highly elliptical 2000 km x
400 km orbits to near circular 900 km orbits.! The wide spread of altitudes that is covered is due
to the energy released during the breakup. In addition to these trackable pieces, hundreds or
perhaps thousands of objects too small to be tracked remain in orbit. The majority of all the
pieces from the Omicron breakup are expected to remain in orbit for over 100 years.2Y Figure 13
shows the Ablestar rocket body and the resulting debris traces from the 1961 Omicron breakup.
The traces in Figure 13 are viewed looking down on the North Pole.

20 Breakup in Review: 1961 Omicron, Orbital Debris Monitor . 1 April 1988, p. 10
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1961-Omicron Debris Cloud, 31 March 1988

Figure 13. The Resulting Debris Cloud from the Omicron Break Up
as Seen Looking Down on the North Pole20

While the Omicron breakup was both the first orbital breakup and perhaps the worst,
it was by no means the last. Since 1961 there have been 104 orbital breakups, with as many as
eight occurring in the first half of 1991.

2.4 Smaller Debris Sources

In addition to the sources of debiis previously discussed, there are smaller particles that
present different dangers to space operations. These types of debris do not appear in the satellite
catalog because it is not currently possible to detect or track them. Sinall debris is known to be
created by chipped paint from operational satellites. Even smaller debris comes from the exhaust
of solid rocket motors. While these types of debris are not as dangerous as the larger debris, they
still pose significant hazards to Extra Vehicular Activities (EVAs), such as those required for the
Space Station Freedom. Other problems include the erosion of optical surfaces, insulators, or
connections on solar arrays. The extent of this type of small debris is very uncertain because of a
lack of data.
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2.4.1 PAINT CHIPS

Paint chips are generated by a number of mechanisms. Paint is used to control the thermal
properties of spacecraft. As the spacecralt ages, paint begins to flake off. This is caused by a
number of factors, the primary one being the effects of the sun and thermal expansion and
contraction. All satellites in low earth orbit (except some sun-synchronous orbits) constantly
move between sunlight and darkness. As the spacecraft changes temperature, it expands and
contracts. If the paint does not have the same thermal expansion coeflicient, it begins to crack
and flake ofl. This effect is aided by the effects of atomic oxygen and ultraviolet radiation which
can degrade the paint over time from its original characteristics. Paint chips can also be displaced
by micrometeors and small pieces of debris. Modern spacecraft paints are designed to overcome
many of these flaking problems, but there are many older, non-operating satellites still in orbit
that used older paints which will begin to flake, if they haven't already done so.

Paint flecks do not have a high mass to area ratio so they will be relatively short-lived in
low-Earth orbits as compared to other forms of debris. However paint chips in medium, or
geosynchronous orbits encounter very low or no atmospheric drag, so the particles will pose a
threat for a long time to come. To give an example of the types of effects small paint chips can
have, during the Space Shuttle Mission STS-7, a small 0.2 mm paint fleck impacted the shuttle
side window. Although it did not puncture the window, it did require $50,000 in repairs.
(Reference 6, p. 15}

2.4.2 EXHAUST PARTICLES

Solid rocket exhaust particles range from 0.001 to 10 micrometers in diameter. They are
formed by the incomplete burning of the propellent in solid rocket upper stages during orbital
insertion or orbital boost maneuvers.2! Two such US solid rocket boosters are the Payload Assist
Module and the Inertial Upper Stage. Large exhaust particles can easily be seen during launch of
sounding rockets, and similar particles are produced by upper stage boosters. Exhaust particles
can have a variety of lifetimes in orbit depending on the orbital parameters and operation during
boost. Particles from rockets used to insert a geosynchronous satellite into orbit will remain there
for six months to several years, depending on their size and orbital parameters.2! Those used to
inject a satellite into a circular low-Earth orbit will return to Earth rather rapidly. These particles
have a low mass to surface area ratio and are affected strongly by atmospheric drag and solar
radiation pressure. A 500 kg motor used to p.ace a 1000 kg satellite in geosynchronous orbit will
produce approximately six million particles larger than 30 micrometers, 2 billion larger than 20
micrometers and 2 trillion larger than 10 micrometers.2!

The effect of collisions with these particles is similar to the effect of sandblasting. Surfaces
erode and degrade slowly over time as pits and small craters are formed. While not critical to most
structural components, optical components such as mirrors and lenses are placed at risk. This

21 Akiba, R, Ishi, N., and Inatani,Y. (1990) Behavior of alumina particle exhausted by solid rocket
motors, Article AIAA-90-1367 from the AIAA/NASA/DOD Orbital Debris Conference: Technical
Issues & Future Directions, 16-19 April 1990, Baltimore, Maryland.
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effect on optical components could pliay a key role in the developmient of optical surveillance
systems for SDI where a long term capability is required. Design of space based high energy laser
systems or relay mirrors must account for effects caused by this type of debris damage. Small pits
or damage to optical coating under proposed high energy laser systems (such as Zenith Star) will
render a mirror useless because the mirror could absorb too much energy and melt or shatter.

Other effects that could damage all satellites include erosion of painted surfaces and
degradation of photo-voltaic cells. Connections on the solar arrays can be damaged, decreasing
their performance.

2.4.3 NATURAL DEBRIS AND METEORS

Space debris is a manmade hazard. There are other types of natural hazards such as
meteors that pose a similar threat. Asteroids have cratered the Earth, the Moon, and all other
celestial bodies. An accepted estimate of the mass of meteors within 2000 km of Earth is 200 kg.22
These meteors are on hyperbolic trajectories and move very quickly through the space near Earth.
Meteors can be rocks, dust, or ice. Typical velocities of meteors are above 20 km/sec. At Lhese
velocities, most micrometeors vaporize on contact and do not cause significant structural damage.

Although space debris was not a large concern to the earliest space systems, it was a
concern to the Apollo program in the 1960's. During the Apollo program, design considerations
were made to ensure the command module and the lunar lander could withstand a -ollision with
micro-meteors up to 0.3 mm in diameter.23 Since then, the threat of collisions with manmade
objects in low-Earth orbit has far exceeded the threat of collisions with natural meteors.

2.5 Responsibility for the Growth of Space Debris

Historically, the US and the USSR have been the major space powers. One would expect
that since the Soviet Union accounts for nearly 70 percent of all space launches, it would account
for a majority of the space debris. This, however, is not the case. The Soviel Union and the United
States are nearly equally responsible for the number of objects in orbit. The Soviets have tended to
use short lived low-Earth orbits for their military satellites. This has been because of their
relatively short missions. A benefit of this has been a reduction in the amount of long-lived space
debris they have produced. The United States has tended to use higher orbits, which are practical
for longer-duration satellites. This has led (o a longer-lived debris population per launch.

At this time the US and the USSR account for nearly 93 percent of all cataloged objects.
However, this is rapidly changing as other countries such as the European Community, China,
and Japan enter the space launch business. Figure 14 shows the present tally of objects in orbit.

22 Chobotov, V.A. The Space Debris Problem and Preliminary LDEF Resudts, California:
the Aerospace Corporation.

23 Kessler, Donald J. (1991) Orbital debris project overview, briefing presented on 22
November 1991.
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Both the Europeans and the Chinese have suffered fragmentation events that have significantly
added to the debris population. The European Space Agency lost a Spot satellite and a Viking
Rocket in sun-synchronous 800 km orbit forming over 500 objects large enough to be tracked by
the Space Surveillance Network. On 4 October 1990 a Chinese rocket booster fragmented,
producing 81 long-lived trackable objects in a 900 km sun synchronous orbit. The actual cause of
the breakup of the Chinese rocket is unknown, but the lcading candidate is a propellant-induced

explosion,24

Orbital Tally - Objects In Orbit

Number of Objects

Payloads/Debris
20/148 11/81 135722

ESA China Other

Figure 14. Orbital Tally Current Number of Objects in Orbit by Country
Payloads/Debris

2.6 Natural Debris Removal Mechanism

The only natural method for removing objects from orbit is for them to re-enter the Earth's
atmosphere. Atmospheric drag is the primary cleansing mechanism for low-Earth orbit. All objects

24 Break up in Review - Fengyun 1-2 R/B. Orbital Debris Monitor, 1 January 1991, p. 6.
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below 1000 kilometers are affected by atmospheric drag. As objects are affected by atmospheric
drag they come closer to the Earth where they experience even more drag. These objects eventually
spiral in and bum up in the atmosphere. Debris above 1000 km experiences little to no effect from
the atmosphere. These high altitude objects continue in their orbits, mostly unaffected by the
atmosphere.

The effect of small changes in atmospheric drag can be seen in the correlation of the
number of objects in space and the solar cycle. At the peak of the 11 year solar cycle, the sun is
more active and emits slightly more radiation. This causes increased heating of the Earth's
atmosphere, causing it to expand outward. This results in increased drag that decreases the
orbital lifetime of objects in low-Earth orbit. During this period a larger amount of debris and
satellites re-enter the Earth's atmosphere. Figure 15 shows the average lifetime of circular orbits as
a function of altitude at the maximum and minimum levels of solar activity. Figure 16 shows the
corresponding solar activity and the number of objects in orbit. Increased solar activity was
blamed for causing the United States' only orbiting laboratory, Skylab, to re-enter before NASA
could boost it to a higher, saler orbit.

Other forces on orbiting objects are the gravitational pull of the sun and the moon, as well
as solar radiation pressure. Objects in highly elliptical orbits are significantly affected by these
three forces. These forces, although slight, can change an orbit enough to lower the altitude to the
point that atmospheric drag forces will cause them to spiral down and re-enter the atmosphere.
Solar pressure is the dominant perturbing force on high altitude, low density, high surface area
objects. These objects include paint flecks and exhaust particles.

There are no removal mechanisms for high altitude circular orbits. Large objects in
geosynchronous orbit will remain in orbit until they are actively removed.

2,7 The Kessler Effect and Self-Generating Debris

The Kessler Effect is the worst case scenario of the debris problem. It describes the eflects of
random collisions between objects in orbit which produce debris faster than the natural removal
mechanisms can remove it. The probability of occurrence of the Kessler Effect increases with time
due to an ever increasing number of objects in orbit. Large objects. such as boosters and used
satellites, have large masses that can be fragmented through collisions into thousands of smaller
debris. The effects of the atmosphere at higher altitudes are not strong enough to remove such
objects fast enough to avoid a chain-reaction with an increasing number of objects resulling in a
higher rate of collisions. The result would be a runaway sclf-generating debris population that can
render certain altitude regions unusable for space activities.
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Figure 15. Circular Orbit Lifetimes at Maximum and Minimum Solar Activity25

The Kessler Effect defines a critical density of debris beyond which the generation of debris
from random collisions produces debris at a faster rate than the natural rate of their removal at a
given altitude. Once the critical density is reached, the debris population will increase even
without any additional objects being placed into orbit.?6 To determine the critical density only
objects 10 cm or larger are considered because they have enough kinetic energy to shatter large
objects.

25 Kessler, Donald J. (1991) Orbital debris models at JSC, Phillips Laboratory, NASA and
Acrospace, briefing presented at the Orbital Debris Technical Interchange Meeting, 2-3 April 1991.

26 Kessler, Donald J. (1991) Collisional Cascading: The Limits of Population Growth in Low
Earth Orbit, NASA/Johnson Space Center, Houston, Texas, Paper No. MB.2.2.2 presented at the
XXVIII COSPAR Meeting, The Hague, Netherlands, Advances in Space Research, 11

(No. 12):63-66
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Figure 16 a,b,c. a) Solar Activity Measured by the Sunspot Number (bottom line)
and F10 Index (top line), b) The Number of Decaying Cataloged Objects by Year,
and c) the Total Number of Low Earth Orbiting Objects below 1000 km Contained
in the Satellite Catalog by Year

There is evidence that the critical mass and number of objects that would induce unstable
debris population growth has already been exceeded in some altitude regions. Figure 17 shows the
critical density and the orbital population at various altitudes corrected for inclination and size
distributions as reported by Kessler.26 It shows that the critical density has already been exceeded
in the altitude region around 1000 km and 1400 km. A large population of uncataloged objects
would widen the the unstable regions in orbit.

While the level of debris that induces the onset of the Kessler Effect is in doubt, the fact
that the effect can occur is well accepted, since the rate that objects are expected to break up due
to random collistons is a function of the rate of increase of the number of objects in orbit. Figure
18 shows the rate that large objects such as payloads or expended rocket bodies will break up due
to collisions at different levels of space launch activities as predicted by the Kessler Effect.
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Rate that payloads, spend rocket stages can
be expected to catastrophically break up as a
result of random collisions
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Figure 18. Rate of Catastrophic Breakups Due to Random Collisions at Various
Levels of Space Launch Activity as Determined by Kessler!?



3. SPACE DEBRIS ENVIRONMENT

Determining the amount of debris in orbit is critical in assessing the extent of the present and
future space debris problem. There are two main size domains to consider in examining the
current space debris environment: larger debris (>10 cm) as represented in the Satellite Catalog
and smaller debris (<10 cm) for which a very limited amount of data exists today.

This section looks at the debris environment of low-Earth orbit and the unique case of
geosynchronous orbit. It focuses on the available data obtained from the Satellite Catalog. The
Satellite Catalog contains information on all satellites and debris that is regularly tracked by
United States Space Command using its space surveillance equipment. (Section 5 takes a closer
look at space surveillance equipment and examines its limitations for debris observation and
analysis.) This section also discusses the available data on smaller, undetectable debris. Most
measurements of this type of debris are from in situ measurements and have been made possible by
using the space Shuttle, which has returned several spacecraflt or parts of spacecraft from orbit.
Examination of the surfaces of objects that have been retrieved from orbit have provided a useful
amount of data on the very small but more numerous debris.

An easy measure of the amount of debris in orbit that gives an indication of the threat it
represents is the collisional flux. The collisional flux is defined as the number of impacts per year
per square meter for a given size debris or larger. Figure 19 illustrates the bulk of the data available
for the range of sizes of debris, and converts the result to collisional flux. Available data comes
from a variety of sources. For objects larger than 10 centimeters, the available data is based on the
Space Command Satellite Catalog and on specialized debris searches using high powered
telescopes. Data on smaller objects was obtained from the number of impacts on objects returned
from space, and from a few specialized radar tests. These and other sources of data will be
described in detail later in this section. Also included in the debris environment is the natural
background meteor flux for the near-Earth environment. Figure 19 shows the limited amount of
data on which estimates of the amount of space debris are based. The uncertainties in the
available data often is larger than an order of magnitude. No significant source of data exists for
objects between 1 and 10 centimeters.
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Measurements of Small Debris
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Figure 19. Debris Diameter vs Flux as Determined by Best Available Data?’

27 Debris Chip-LDEF DATA, Orbital Debris Monitor, 1 October 1990, p. 14.
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3.1 Low Earth Orbit

The majority of available data on debris in low Earth orbit comes from the Space Command
Catalog and from several in situ measurements. To characterize the debris in this region we must
first examine the Space Command Catalog.

3.1.1 Satellite Catalog Data

The most complete record for the larger debris (>10 cm) is the United States Space
Command Satellite Catalog. This catalog lists the satellites and debris regularly detected and
tracked by the United States Space Command Space Surveillance System, which consists of an
array of radars and other sensors dedicated to observing objects in space. Since the inception of
the Satellite Catalog in the early days of the space age. Space Command has cataloged over 20,000
objects in orbit. This is the most comprehensive data base currently available to study the orbital
debris environment.

By sorting and analyzing the contents of the Satellite Catalog in different ways,
information can be extracted about the amount of debris in orbit and the types of orbits that they
occupy. A vast majority of the debris resides in low Earth orbit. Figure 20 shows a breakdown of
the number of objects in each type of orbit. Low Earth orbit has been broken into two different
categories: LEO! below 1000 km, and LEO2 between 1000 ki and 2000 km average altitude. More
than 75 percent of all tracked objects are located below this altitude.

Vast majority of catalog resides in LEO.
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Figure 20. On Orbit Population Growth by Orbital Regime as of 8 December 198910
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As discussed in Section 2, fragmentation debris is the major contributor to the number of
objects in orbil. Figure 21 details the percentage of each different type of debris by the orbital
region it occupies.
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Figure 21. Breakdown of Population in the Various Altitude Region by Type
of Debris as of 8 December 198910

The Satellite Catalog has been used to determine the orbits of all objects in space. An
argument exists that because a majority of the smaller debris is created by breakups of larger
objects, the larger and smaller debris should be in roughly the same orbits. Yet a quick analysis of
the objects in the Satellite Catalog, separating them by size, shows that this is not the case.
Figures 22 and 23 show the altitude of the large and small objects. While somne correlation exists
between large spacecraft and debris, it is evident that the smaller objects are spread over a much
larger altitude range. Much of this altitude spread is due to the radial velocity imparted during
energetic breakups of satellites and rocket bodies. These breakups spread debris over a wide
altitude range because of the differing velocities imparted to the different fragments.

A similar situation exists for inclination as for altitude when comparing the orbits of large
and small debris. Figures 24 and 25 show the inclination of the large and small objects in the
calalog. The narrow lines indicate two things. It first shows that narrow inclination bands are
used for numerous satellite systems such as the 63 degree inclination Molniya Orbits, and at the
Polar and sun-synchronous orbits at 90 and 100 degrees. Secondly, the transverse velocity
imparted on fragments during breakups is small when compared to the orbital velocity. This
results in relatively small changes in inclination. Energetic breakups can change the inclination of
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the fragments by more than 2-3 degrees. Again, there are significant differences between the two
distributions, and any space debris model that assumes that the distribution of even smaller non-
trackable debris will follow the distribution of the larger trackable debris must be questioned.
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Figure 22. Number of Objects Cataloged Greater Than 1 Square Meter vs Altitude.
Size approximated by radar cross section (RCS)
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Figure 23. Number of Objects Cataloged Less Than 1 Square Meter vs Altitude.
Size approximated by radar cross section (RCS)
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Figure 24. Number of Objects Cataloged Greater Than | Square Meter vs Inclination.
Size Approximated by Radar Cross Section (RCS)
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Figure 25. Number of the Smallest Objects Cataloged (Less Than 0.05 Square Meters) vs
Inclination. Size approximated by radar cross section (RCS)

45



3.1.1.1 Initial Test of the Space Command Satellite Catalog

Tests to check the completeness of the Space Command Catalog have indicated thata
significant number of objects in the 5 to 25 cm range are not included in the catalog. There have
been two well publicized tests that have provided slightly different results. One test was done at
the Perimeter Attack Characterization Radar System (PARCS), a large phased array in Concrete,
North Dakota. In 1976 and 1978, the radar was set in a fan beam mode in order to detect objects
passing through the "fence” of radar energy (a wide fan shaped beam pointing upwards). By
correlating objects against those contained in the satellite catalog and maintaining a count of
objects detected but not contained in the satellite catalog, these tests indicated that the Space
Command Catalog undercounts the orbital population of objects larger than 10 cm by between 7
and 18 percent.17

3.1.2 GEODSS DATA

The Ground Based Electro-Optical Deep Space Surveillance System (GEODSS) data
contained in Figure 27 is optical data collected by US Space Command for the NASA Johnson
Space Flight Center. Johnson Space Flight Center processed 81 hours of optical observations of
the space debris environment. These optical observations were made at the Ground Based Electro-
Optical Space Surveillance System (GEODSS) at Mt Haleakala, Hawaii, and Diego Garcia in the
Indian Ocean. A one-meter telescope was used observing vertically in the morning sky for 1 hour
prior to morning nautical twilight.28 Solar {llumination reflected off the debris and was detected by
sensitive television cameras attached to the telescope. The results indicated that there were nearly
twice as many objects in orbit larger than 10 cm than were contained in the Satellite Catalog.'?

Results from NASA tests conducted with the Ground Based Electro-Optical Deep Space
Surveillance (GEODSS) system with support from Air Force Space Command give another estimate
for the completeness of the Satellite Catalog. These tests were conducted at Diego Garcia in the
Indian Ocean and at the Maui GEODSS sites. When an object was detected it was cross
referenced with the Satellite Catalog in order to correlate it with a known object. Figure 26 shows
the reported results from that effort. In Figure 26, "C"'s indicate objects that were in the Satellite
Catalog but were not observed: "I"'s indicated objects that were both observed and in the Satellite
Catalog; and "N"'s indicates those objects that were observed but were not found in the Satellite
Catalog. Although Air Force Space Command has questioned the accuracy of the correlation
program used during this analysis, the results show a significant undercounting of the smaller
objects in orbit. The larger objects that were observerd but not cataloged could be accounted for
because of classified objects in orbit that can not be included in the regular catalog.

28 Henize, K. and Stanley, J. (1990) Optical observations of space debris, Article AIAA-90-1340
from the AIAA/NASA/DOD Orbital Debris Conference: Technical Issues & Future Directions, 16-
19 April 1990, Baltimore, Maryland.
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Figure 26 Sgace Command Catalog Completeness as Determined with the GEODSS
Telescopes.2? (Bottom numbers in the figure are the ratio of cataloged objects to detected
objects in the size range indicated)

During the GEODSS tests a total of 622 objects were detected, of which 255 were
conlained in the Satellite Catalog. These results indicated that the completeness lactor (a ratio of
the objects contained in the Satellite Catalog to the total objects detected) of the Space Command
Catalog is 0.46 over all diameters in the region between 500- 1100 kilometers altitude. For objects
between 8 and 30 cm, it is reported that the completeness factor is 0.26.28

29 Henize, Karl G. (1991) Optical Debris Observations, briefing at the Optical Debris
Measurement Technical Interchange Meeting, Phillips Laboratory, New Mexico, 17 January 1991.
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3.1.3 SMALLER DEBRIS IN LOW EARTH ORBIT

The estimate for the small (less than 10 cm) debris population in orbit is based upon a very
limited amount of data. The Space Surveillance System cannot detect these objects because of
their small radar and optical cross sections. Because of the very limited data base, wide
uncertainties exist in the estimates of debris in the range of 1 mm to 10 cm. While several
experiments are presently underway to measure this smalier sized debris, the resulls have not yet
been published or been made avallable for review. The results of the searches that have been
published are shown in Figure 19. The limited amount of data continues to leave large
uncertainties in the estimates of small debris in orbit.

Data on the very small (less than 0.1 mm), but more numerous objects such as cosmic
dust and micro-meteors was obtained from in situ measurements based on objects returned from
space such as the Space Shuttle, Solar Max heat louvers, and the Long Duration Exposure
Facility. These experiments will be discussed in further detail later in this section. These
experiments have provided adequate data for estimates of the very small debris population with
manageable error limits.

3.1.4 ARECIBO AND GOLDSTONE RADAR EXPERIMENTS

In 1989, two tests were conducted by the Jet Propulsion Laboratory to measure the
presence of 0.2 to 0.5 cm and 0.5 to 2 cm sized debris. The Arecibo radar in Puerto Rico collected
14.5 hours of data observing debris between the 0.2 and 0.5 cm range in the 200 to 1000 km
altitude region. The Goldstone Radar collected data during 48 hours of observations on debris
between 0.5 and 2 cm in the 560 to 590 km altitude region.30 The results of these radar tests
indicated that there was a significantly larger number of particles than was expected due to the
natural meteor background, indicating a large man-made debris population in this size region.
The results of th: se experiments presented as a collisional flux are contained in Figure 19 at the
beginning of this section. The limited amount of data that was collected contributes significantly
to the size of the errors, which are due to the statistics of dealing with a low number of detections.

30 Thompson and Goldstein (1990) Arecibo and Goldstone Radar measurements of debris,
AlAA Paper 90-1342, from the AIAA/NASA/DOD Orbital Debris Conference: Technical Issues &
Future Directions, 16-19 April 1990, Baltimore, Maryland.
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3.1.5 METEOR FLUX

The natural meteor flux was estimated by Zook et al in 1970 and is shown in Figure 19.3!
This understanding of the meteor flux is a result of many years of experiments during the early
years of the space program. Significant results were obtained by studying the windows from the
early Gemini Missions. These experiments were meant to provide hazard information to
spacecraft designers. Their results were that the specific density of these particles is between 0.5
and 2 grams per cubic centimeter. This is less dense than expected for manmade space debris. The
total tnflux of meteor matertal into the atmosphere is approximately 4000 tons per year.2 The
natural debris environment is well understood and remains relatively constant. As shown in
Figure 27, the flux for natural particles 1 cm and larger is very low compared to the flux of man-
made particles.
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Figure 27. Meteorotd Flux vs Particle Diameter

31 Zook. H.A., Flaherty, REE., and Kessler, D.J. (1970) Meteoroid impacts on Gemini
windows, Planetary Space Science, 18 (No 7): 953-964.
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3.1.6 IN SITUMEASUREMENTS

Measurements of smaller debris rely mainly on the analysis of objects returned from space.
The three major contributors for such information came from the Space Shuttle windows, the
parts returned during the repair of the Solar Max satellite, and the retrieval of the Long Duration
Exposure Facility.

3.1.6.1 Shuttle Measurements

The shuttle windows are inspected after each flight to ensure an adequate level of
safety for the next flight. On one occasion the window was replaced after being impacted by a
paint chip. Other shuttle based experiments included placing one square meler of aluminium foil
in the cargo bay and polished surfaces on the shuttle boom.!2

3.1.6.2 Solar Max

Solar Max was launched in February 1980 into a low inclination low-Earth orbit. In
April 1984, astronauts from the Space Shuttle repaired the satellite after it had malfunctioned.
This allowed the return of roughly 3 square meters of exposed surfaces that had spent over 4 years
in orbit. This provided a considerable amount of data on the small space debris environment. The
returned surfaces consist of the thermal control louvers and some insulating blankets of the
satellite that were removed from the satellite during repairs. These surfaces were exposed for 4.15
years before being returned to Earth. Sources of the craters are determined by analysis of projectile
residue left around and inside the crater by electron microscope and Energy Dispersive X-Ray
(EDX) Compositional Analysis.32 Analyses indicate that on the louvers, impacts of meteors and
man-made debris in the range of 10 to 107 grams were roughly equal in numbers. Smaller
particles were dominated by paint chips.32 Of the larger craters, 47 were of meteoric origin, 7 were
from manmade debris, and 6 were of unknown sources.32 A possibility exists that the unknown
sources were aluminum, because then there would be no detectable trace of extra debris left in the
crater since the aluminum of the debris would be masked by the aluminum in the louvers. If the
impacts of unknown origin were caused by aluminum particles, which are expected to make up a
large part of the small debris population, then the debris population smaller than 103 grams is
twice that reported by Zook and McKay.

32 Zook, Herbert A., Mckay, David S., and Bernhard, Ronald P. (1990) Resulls from returned
spacecraft surfaces, Article AIAA-90-1349 from the AIAA/NASA/DOD Orbital Debris Conference:
Technical Issues & Future Directions, 16-19 April 1990, Baltimore, Maryland.
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- 3.1.6.3 Long Duration Exposure Facility

The Long Duration Exposure Facility (LDEF), shown in Figure 28, was designed to
measure the effects of atomic oxygen, space radiation and space debris on a variety of materials. It
was launched into a 478 km altitude, 28 degree inclination orbit by the Space Shuttle in April
1984 and was recovered in January 1990. its expected one year in orbit turned into 5.8 years in
orbit due to the Space Shuttle Challenger explosion and the grounding of the shutlle fleet.

Figure 28. The Long Duration Exposure Facility Configuration

Initial analysis of the LDEF surfaces indicate that it had sulffered over 34,000
impacts. Of these craters, over 5,000 were found to to be in the 0.5 to 5 mm range, with the largest
being 5.25 mm in diameter.22 The analysis also indicated that the leading edge of LDEF received
approximately 20 times the number of impacts as the trailing edge.22 This is due to the velocity of
the spacecraft in orbit causing the spacecraft to "sweep up” debris as it traveled. Figure 29 shows
the direction of impact of debris on the LDEF spacecraft. Figure 30 shows the relative number of

debris impacts per panel.

51



» PORWARD
DIRECTION

Figure 29. Direction of Orbital Debris Impact as Viewed From Above the Spacecraft22
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Figure 30. Relative Number of Impacts Greater than 0.5 mm
by Panel Number (433 impacts). (The length of the dark lines are proportional to
the number of impacts per panel)22

While the preliminary results available from LDEF have been published. it will take
several more years to learn as much as possible from this important test.
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"3.1.7 LACK OF DATA ON OBJECTS 1 TO 10CM

While these experiments have provided adequate data on small debris and the Space
Command Catalog is adequate for large debris, there exists a large gap in the available data on
space debris in the range between 1 mm and 10 cm. Radars and other devices used for the Space
Surveillance Network are restricted in the size of objects they can detect, thus limiting the value of
their databases of small debris measurements. The small radar and optical cross sections of this
range of debris make them very difficult to detect. What limited data does exist on debris between 1
cm and 10 cm is small compared to the data required to provide a full and complete
characterization of the near-Earth environment. In this range, the probability of collisions is not
high enough to provide estimates to characterize the population through in situ measurements
such as LDEF or Solar Max. Significantly larger spacecraft, such as the Space Station would have
to spend many years in orbit to accumulate adequate information.
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Figure 31. Orbital Debris Density vs. Altitude22



3.2 Geosynchronous Orbit

Because of the unique property of the geosynchronous orbit, it is the orbit of chosce for
communications satellites, early warning satellites and a host of other satellites. Most of the
satellites are found in a narrow altitude and inclination band to keep them apparently stationary
over a single point on the Earth. As of March 1991 there were 350 objects contained in the
Satellite Catalog at geosynchronous orbit. These included 284 spacecraft and 66 rocket bodies. Of
the 284 payloads in geosynchronous orbit, approximately 110 to 130 are still operating, and 150
are nonfunctional or abandoned.?2 Figure 32 shows how these objects are distributed around the
Earth.

The main users of the geosynchronous ring are the developed nations. The United States
has 90 satellites in geostationary orbit and the Soviet Union has 74. Other countries and the
number of satellites each has in geosynchronous orbit are shown in Table 9.
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Figure 32. GEO Population Longitude Distribution.22 Zero degrees is located
over Greenwich, England



Table 9. Objects in Geosynchronous Orbit by Country

OWNER Spacecraft Rocket Bodies
United States 90 1M
Soviet Union 74 66
Great Britain 9 -
Italy 1 --
Canada 10 -
France 4 -
Australia 3 =
Japan 18 --
Germany 4 --
NATO 6 -
China S --
India ) -
European Space Agency 12 -
France/Germany 2 -
Indonesia 5 =
ITSO 29 --
Brazil 2 --
Saudi Arabia 2 -
Mexico 2 -
Luxemburg ] -~
Total 284 66

What worries the space debris community about geostationary orbit is not the present
number of objects in orbit, but instead the rate of growth of these objects. With the requirement
for more communication and other types of satellites, the population in geosynchronous orbit is
expected Lo continue to grow. Figure 33 shows the growth rate of objects with a radar cross
section larger than one square meter in geosynchronous orbit. The growth rate of 25 per year is
twice that of the low-Earth orbit on a percentage basis.

The number of satellites in geosynchronous orbit is limited by the amount of separation
hetween satellites required to provide interference-free operation. Earlier satellites required a few
degrees separation to keep radio signals and command signals from interfering with other
satellites or ground stations. With the development of higher frequency communication satellites,
wmdmdual satellites can be positioned at the same longitude. This is known as co-location. An
example of co-location occurred when in 1977 the World Administrative Radio Conference (which
allocates the geostationary positions) allocated the 19 degree west slot plus or minus 0.1 degrees
Lo several different satellites. The TDF-1, the Olympus and the TVSAT-2 are in the area and will be
joined by the TDF-2 satellite. These four satellites in the same longitude position in

55



geosynchronous orbit execute uncoordinated station-keeping maneuvers, and the expected time
between close encounters of 50 m or less is 0.6 years.33

Geosynchronous Orbit
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Figure 33. Geosynchronous Catalog Population Growth History42

Collisions between objects in geostationary orbit are at a relatively low velocity when
compared to that of low-Earth orbit debris. Most objects are travelling at approximately the same
velocity and inclination. Controlled satellites are kept close to zero inclination. North-south
station keeping maneuvers are required to keep the satellites in the proper inclination orbits
because of the effects of the Sun and the Moon. Drift rates for uncontrolled objects are 0.9 degree
per year. This eflect necessitates a 40-42 meter per second change in velocity per year to maintain

33 Flury, W. (1990) Collision probabilily and spacecralfl disposition in geostationary orbit,
European Space Operations Center, ESA, Darmstadt F.G.R. XXVIII COSPAR 1990, Paper No
MB.2.2.3.



north-south station-keeping. Thus the amount of available fuel is typically the limiting factor in
the lifetime of a geostationary satellite.

The velocity between an object in perfect station-keeping (O degrees inclination) and one
that has been allowed to drift for one year (0.9 degrees inclination} as the satellite crosses the
equatorial plane is nearly 120 km/hr. Collisions between two satellites at this velocity, while not
causing the amount of debris that a hypervelocity impact would cause, would still cause a
significant amount of debris.

The major concern of the space debris community is that a collision or a fragmentation
event in geosynchronous orbit will significantly increase the amount of space debris at that
altitude. The result of a single breakup could cause other on-orbit collisions with other satellites.
Since there are no natural removal mechanisms from geosynchronous orbit, this can result in an
unstable debris population that is self-perpetuating (the Kessler effect). Also since there are no
removal mechanisms, any debris created will remain a threat to all future geosynchronous
systems. Since geosynchronous orbit is a non-renewable global resource, measures to minimize
this threat are of greatest importance.

3.2.1 COLLISION PROBABILITY IN GEOSYNCHRONOUS ORBIT

Because so many objects are concentrated in a narrow band near the geostationary
altitude, the collision probability in that region is orders of magnitude higher than a few hundred
kilometers higher or lower. The threat of a single satellite colliding with another object is small at
the present time. The collision probabillity is given in Figure 34. The inclination is included in the
determination of collision probabilities because at higher inclinations, the relative velocities
between the satellite and the objects in geosynchronous orbit are greater.

When all the satellites in geosyn-hronous orbit are considered, the collisional risk is
significantly higher. The probability of a collision between one thousand 1 meter square objects in
geosynchronous orbit orbit over 20 years is 0.021. If that number were increased to 10,000 objects
the probability of collision in 20 years is 0. 16. The probability of collision at the stable points (75
degrees East and 105 degrees West longitude) increases by a factor of 2,33

57



o~ 12 | ! ) | |
~-600 -400 -200 0 200 400 600

Probubility of Collision/Year/Square Meter
P
|
=]

Range From Geostationary Altitude, km

Figure 34. Collision Probability for Geosynchronous Orbit42

3.3 Risk to Space Systems

A collision damage study done by Dr. Phan Dao of the Geophysics Directorate of the
Phillips Laboratory outlines the Air Force's concerns associated with space debris.34 The Air Force
is interested in five different orbital regimes, ranging from geosynchronous orbits to low altitude
polar orbits.

Regime A: High Altitude/Geosynchronous
0 deg < inclination < 67 deg
Altitude = 35,000 km

Regime B: Mid Altitude/Mid Inclination
55 deg < inclination < 70 deg
10,360 km < Altitude < 20,350 km

44 Dao, Phan (1990) Collision Hazard Study: Potential impact of orbital debris on low earth
orbit satellites, briefing given at Phillips Laboratory, November, 1990.
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Regime C: Low Altitude East
28 deg < inclination < 32 deg
Altitude = 1,850 km

Regime D: Low Altitude/Mid Inclination
60 deg < inclination < 80 deg
Altitude = 1,850 km

Regime E: Low Altitude Polar
90 deg < inclination < 100 deg
Altitude = 7,400 km

The collisional risks associated with each regime are different due to the varying density of the
debris environment and the characteristics of the orbits.

The geosynchronous regime is a particularly valuable orbit because of its unique earth-
rotation matching period and was discussed earlier. This orbital band is a global resource used by
communications, early warning and weather monitoring satellites. It is a natural, non-renewable
resource that requires protection. Orbital slots are assigned by the United Nations, and the United
Nations determines who can use the different positions in geosynchronous orbit while
maintaining the required separation dictated by command, control, and communications
requirements. The present collision hazard rate at geosynchronous orbit is low, approximately
108 impacts/(sq meter year).22 However, some problems do exist. As discussed earlier, co-localed
satellites may have up to one encounter per year with near misses as close as 50 meters.35 Thus,
collision hazard in this orbit will continue to grow as more objects are placed in geosynchronous
orbit. Debris resulting from collisions between objects in orbit, although at low relative velocities,
would result in a significant increase in the number of objects in this orbit. This could have a
profound effect on the collision hazard rate, especially since at this orbit there is no natural
cleansing mechanism.

The mid-Earth orbit (MEO) is a high value orbit for military systems such as navigation
systems. Currently very little is known about the debris population in this orbit. Because of the
relatively low debris population, collisions with space debris are not a major concern in these
orbits at this time. In addition, most navigation satellites systems such as GPS, TRANSIT and
GLONASS that occupy these orbits consist of constellations so that the failure of a single satellite
will not cause a significant decrease in capability.

The low-Earth orbits {LEO) are of primary concern with respect to space debris. The LEO
polar and LEO mid inclination orbits contain several critical surveillance satellite systems for the
Department of Defense and other government agencies.’ These are high priorily, very expensive
satellites. Low-Earth orbit also contains the vast majority of the objects in space. Yet, the actual

35 Bird, A.G. (1990) Special considerations for GEO-ESA, Article AIAA-90-1361 from the
AIAA/NASA/DOD Orbital Debris Conference: Technical Issues & Future Directions, 16-19 April
1990, Baltimore, Maryland.

36 Bamford, James (1983) The Puzzle Palace, New York, Penguin Books Ltd.
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risks are not exactly known because detailed analysis of the collisional hazard rate is hampered by
the lack of data on the amount of debris in low-Earth orbit. This causes large uncertainties in the
resulting calculated collisional probabilities.

Looking at the characteristics of the planned Department of Defense satellites and the
results from a NASA space debris model, developed to aid the design of the Space Station37, it is
possible to obtain a measure of the potential problems caused by space debris. Using a best
case/worst case scenario, it is possible to get a sense of the range of expected outcomes. The space
debris flux per unit area is found by using the NASA TM 100-471 Engineering Model. The number
of predicted collisions will be the product of the space debris flux, the area of the satellite and the
number of years in orbit. The best possible case will be characterized by using the minimum flux
predicted by NASA and a fixed launch rate of 120 satellites per year. It will also use only the main
body of the satellite when determining the effective area of the satellite. The worst case scenario
will be calculated by using the maximum flux predicted by NASA and a launch rate increase of 5
percent per year. In this case the main body, solar panels, booms and antennas will all be
considered when detenmining the effective area. These parameters are summarized in the Table 10
below.

Table 10. Parameters for Best Case/Worst Case Scenarios

Parameter Best Case Worst Case

1) Flux (impacts/sq meter/year) | Min NASA Flux Max NASA Flux

2) Surface Area Main Body Only Main Body +Solar
Panels, Antennas
and Booms.

3) Launch Rate Linear (120/yr) Increasing by

5% per year

A sample of the resuits obtained by running the NASA model is shown in Figure 35. The
dashed center line represents the predicted flux at a given debris size or larger. The solid lines
indicate the range of uncertainty associated with the model. Any object to the right of the vertical
line labeled assumed lethal size is assumed to be lethal. This model is most accurate in the low

37 Kessler, D.J.. Reynolds, R.C., and Anz-Meador, P.D. (1988) Orbital Debris Environment_for
Spacecraft Designed to Operate in Low Earth Orbit, NASA TM 100-471.
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inclination (28.5 degrees), low-Earth orbit (>700 km) region, the expected orbit of the Space
Station. The further away the satellite of interest is from this orbit, the higher the errors become.
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Figure 35. Sample Results of NASA Model Flux for Inclination of 99 Degrees
at 850 Km Altitude in 1990

The flux was set to match a range of planned Department of Defense satellite systems.
Many of the Department of Defense planned satellites are classified, but several systems are widely
known. The Space Based Radar and the Navy's LightSat program are good examples of the types of
satellites being considered. The best case/worst case analysis, the number of collisions per
constellation with a lethal sized piece of debris (assumed to be 0.5 cm) are obtained for 12 future
satellite systems and are presented in Table 11. Figures 36 and 37 show the range of collisions per
consteltation as a function of altitude and inclination.
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Table 11. Satellite Hazard Analysis for 12 Future Department of Defense Satellite Systems

Satellite 1 2 3 4 S 3 7 -] 9 10 11 12
Start/End 1990 | 1990 | 1990 | 1990 | 2000 | 2000 | 2000 | 1990 | 1990 | 1990 | 1950 | 1990
Dates 2010 | 2010 | 2010 | 2010 | 2020 | 2020 | 2020 | 2010 | 2010 | 2010 | 2010 | 2010
Number of 2 1 6 4 6-12 | 6-12 | 6-12 2 2 2 2 2
Satellites
Altitude 850 850 | 1150 | 1150 | 650 650 [ 1150 | 400 400 | 1500 | 1500 | 1500

Inclination 99 99 63 63 70 70 70 90 90 63 63 63

Best *
Case 0.02 | 0.04 | .004 03 003 003 | 0.2 0.2 0.2 0.2 0.1 0.1

(Minimum)

Worst ¥
Case 4 1 1 66 34 25 150 16 2.1 S3 21 28

(Maximum)

* Number of Collisions per Constellation
Over the Life of the Constellation

Figure 36 shows the best and worst case estimates of the number of collisions per constellation
over the life time of the constellation at the various altitudes of the satellite systems. Figure 37
plots the same information as a function of inclination.

From these figures, it is clear that there are orders of magnitude of uncertainties in
thehazard assessment for any Department of Defense satellite system. In the best case scenario,
the damage risk is relatively insignificant compared to the risks associated with launch and on-
orbit fatlures. In the worst case scenario the risk due to orbital debris is very significant. The true
answer most likely falls between these two extremes. The driving uncertainty in the hazard
analysis is the uncertainty of the model itself. The primary uncertainty in the model is the lack of
avatlable data to develop adequate models.

The number of objects in orbit continues to increase. The Space Command Satellite
Catalog provides the most complete information for large objects in orbit; however, radar and
optical tests of the completeness of the Space Command Satellite Catalog indicate that a
significant number of objects are not included. Correlation between the orbits of the larger and
smaller objects contained in the Satellite Catalog indicate significant differences, making use of
the Satellite Catalog to predict the population of small objects questionable. Debris measurements
smaller than 10 cm are limited to a few radar, optical and in situ measurements, with very little
data in the critical region between 1 and 10 centimeters The result is that large uncertainties
exist in what is known about the debris environment. These large uncertainties in the debris
environment translate directly into uncertainties in the risk to space systems.

The conclusion is that an aggressive debris measurement effort is required to minimize the
uncertainties in the threat of debris to Depariment of Defense and other space systems.
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Figure 36. Department of Defense Satellite Hazard Analysis
for Altitude and Inclination Dependence
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Figure 37. Department of Defense Satellite Hazard Analysis for Altitude
and Inclination Dependence

4. COLLISION DAMAGE

This section analyzes the dangers of, and the possible damage caused by. space debris. First it
examines the characteristics of an orbital collision between two objects. Then it looks at the
different damage scenarios and how they could affect different systems. The results from
hypervelocity impact tests undertaken for anti-satellite weapon development tests are used to
estimate the results of high velocity collisions. Finally, the section examines the results and
possibilities of collisions with space debris of several present and planned space systems.



4.1 Velocity of Collisions

Space debris is particularly dangerous to operational systems in space due o their high
relative velocities, and therefore the large kinetic energies involved in collisions with them. This
makes even small objects a hazard for manned or critical space systems. The velocity of a collision
is the difference between the orbital velocities, as shown below in Eq. (3).

Vco=Vs-Vp (3)
Where:

Vcol = Velocity of collision
Vi = Velocity of the satellite
Vb = Velocity of debris

Because orbital velocities are very large, it does not take a large angle of intercept to cause
hypervelocity collisions. High velocity collisions are possible between objects with the same
inclination because of the differences in right ascension. Figure 38 shows two geometries for a
sample collision in orbit.

Velocity Vectors for Collision

Vcor = Collision Velocity

V, = Spacecraft Velocity approximately
V, = Debris Velocity 7.6 km/sec at 500 km

a = Angle Between Velocity Vectors
Figure 38. Geometry for Orbital Collisions
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Figure 39 shows the orbital velocities for circular orbits at various altitudes. The orbital velocity for
a 500 km orbit is approximately 7.6 kilometers per second.

2 - L] L] - L] o Li b L] -
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Figure 39. Orbital Velocities for Circular Orbits at Various Altitudes

The expected collisional velocity between objects is modelled by NASA as part of their
Evolve Debris Code. In this model, NASA determines the percentage of impacts that will occurina
given velocity range. Figure 40 shows the normalized velocity probability distribution of a collision
for objects in a 500 km and 28.5 degree inclination orbit as found by the NASA model.38 it shows
that the majority of orbital collisions in this orbit will occur at very high velocities, between 8 and
14 kilometers per second.

38 Mog. Robert A. (1991) Spacecraft protective structures design optimization, Journal of
Spacecraft and Rockets, January-February 1991, pp. 109 - 117.
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Figure 40. Normalized Collisional Probability at a Given Velocitly
for a 28.5 Degree Inclined Orbit38

The kinetic energies involved in these hypervelocity collisions are large because of the high
velocities associated with orbital collisions. For instance, an object weighing one tenth of a
milligram that travels at 1 km/sec has 0.1 joule of kinetic energy, approximately the same as a
speck of sand in a sand storm. The same object traveling at 10 km/sec has the force of a baseball
pitched from a pitcher. A 10 milligram object at 1 km/sec has the same energy as the baseball,
while the same object at 10 km/sec will have the force of a 30.06 rifle round. A 100 gram object
traveling at 10 km/sec has the same energy as a ton of TNT. The kinetic energy of pieces of space
debris at various speeds is plotted against the weight of the debris in Figure 41.

This comparison is not entirely accurate. A ton of TNT would spread its explosive force in a
spherically symmetric manner, spreading its energy in all directions. The energy of space debris is
concentrated only at the area of impact. While it is not that difficult to design a system that can
withstand explosions in close proximity, it would be nearly impossible to design a space system
that could both withstand a collision with a large piece of debris and still meet a reasonable
launch weight.
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4.2 Damage Mechanisms

A number of different mechanisms can cause damage to space systems in a hypervelocity
collision. The damage to the spacecraft depends on the velocity, the size, and the material of the
impacting debris. Most damage is in the form of craters caused by the impacting object and its
fragments. Even without penetrating a bulkhead or protective cover a collision can cause damage
by other mechanisms. Particles can spall off the inside of impacted surfaces. These particles in
turn can cause additional damage. Other damage mechanisms include shock waves caused by an
impact and carried though the spacecraft, or a possible pressure pulse caused by the vapor created
in the collision. Figure 42 shows an example of a collision where the debris penetrates the
spacecraft skin. Figure 43 shows some of the important parameters and effects of a hypervelocity
fmpact in which a particle penetrates the spacecraft skin.
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Figure 42. Initial Collision of Debris with a Spacecraft
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Figure 43. Secondary Collisions Within a Satellite

All hypervelocity collisions are not the same. The characteristics of damage depend largely
upon the collisional velocity and the nature of the debris. At relatively low velocities (0-3 km/sec),
the piece of debris is deformed and stays relatively intact as it penetrates the satellite. This allows
for deep penetration at a single point and is similar to damage done by a bullet.

At higher velocities (3-7 km/sec), the debris will fragment into a large number of pieces so
surfaces inside the skin of the satellite will be sprayed with a large number of high velocity debris.
These smaller fragments will spread with a dispersion angle that distributes subsequent impacts
over a larger area.

At even higher velocities, (7-14 km/sec) the debris fragments and vaporizes during the
initial collision. The resulting cloud of particles and gasses spreads prior to colliding with
subsequent surfaces where they deposit the rest of their energy in an impulse-like manner. The
impulsive force can cause ripping or tearing of subsequent surfaces. During the initial and
subsequent collisions, part of the impacted surface will also be broken off or vaporized, adding to
the total amount of projectiles.

The density and boiling point of the debris, in addition to its velocity, determine the results
of its impact with a surface. Higher density objects will have greater penetration depths because of
their greater mass per unit surface area. Debris with higher boiling or vaporization temperatures
require more time after collision to reach these temperatures. This allows the object o penetrate
further before breaking up into smaller fragments. Figure 44 shows a representative curve for the
relative penetretive ability of a 1-centimeter aluminum projectile over a wide range of velocities.
Note that the highest penetrative ability is between 2 and 4 km/sec because in this region the
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resulting fragments are relatively large as compared to higher velocities where the debris fragments
into smaller particles or vaporize.
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Figure 44. Relative Penetrative Ability at Different Velocities
for a 1 Centimeter Diameter Aluminum Debris3?

4.2.1 PARTICLE IMPACT

At best most satellite skins will not stop collisions with debris larger than a few
millimeters. The outer skin of a satellite is usually a thin piece of sheet metal. Typically, it is not
meant to act as a shield against space debris. Damage to the skin itsell by a small piece of debris
would be insignificant. However, If the debris can punclure the skin, fragments can continue into
the spacecraft and cause significant damage inside it. This type of damage is detailed in the
hypervelocily impact tests discussed later in this section.

After an initial collision, the spray of fragments continues on into the spacecraft. Figure 45
describes many of the damage classifications of particle damage after an initial collision with a

39 Adapted from chart "Ballistic Limit Curves” from briefing "Meteoroid/Debris Shielding"
presented by Eric Christiansen at the Phillips Laboratory Orbital Debris Technical Interchange

meeting 2-3 April 1991,
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light skin or shield of a spacecraft. This information was presented in a NASA briefing at the
Phillips Laboratory Orbital Debris Technical Interchange meeting.40
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Figure 45. Ring Crater Pattern Damage Classification for Shielded Objects

High velocity particles generated by a penetrating collision can severely disrupt all areas of
a satellite. Depending upon the area of impact, they could wreck electronic banks, detonate fuel
tanks, or destroy sensors and other equipment. Because of the critical nature of each component
on a satellite they are made to be very reliable, ensuring that they work for years. Yet debris
collisions with objects as small as 3 mm diameter can cause enough damage Lo make even robust
systems fail completely.

4.2.2. IMPULSIVE LOADING

Impuisive loading occurs on subsequent surfaces after the debris has significantly
fragmented upon impact with the skin of the satellite. During such an impact, the debris is
fragmented and can liquefy or even vaporize. The resulting numerous small fragments, droplets,
and vaporized material generate an impulsive load on secondary surfaces. Large amounts of energy

40 Christiansen, E.L. (1991) Meteoroid/Debris Shielding, Phillips Laboratory, NASA and
Aerospace Corp. Orbital Debris Technical Interchange Meeting, Kirtland AFB, New Mexico, 2-3
April 1991,



are deposited over a relatively large area compared to the area of the initial impact. Impulsive
damage mechanisms include buckling, ripping of surfaces, as well as flexing and bending of the
satellite components heyond their limits. Impulsive loading can accompany cratering from
individual particles thereby increasing the damage. Spalling is a significant byproduct of impulsive
loading as it was with individual impacting particles. Figure 46, also taken from a NASA bricfing at
the Phillips Laboratory Orbital Debris Technical Interchange meeting, describes the types of
damage caused by impulsive loading.4V
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Figure 46. Impulsive Load Damage Classification for Shielded Objects

4.2.3 SPALLING

In high velocity collisions spallation is an important damage mechanism. Spallation
creates debris emitted from the back side of an impacted shield or bulkhead. They can have
significant velocities and as a result cause additional damage. Spalling is caused by the reflection
of the impulsive wave off the back surface of an impacted plate. The back side of the plate releases
particles at high velocities, approaching that of the impacting fragments as a result of momentum
conservation. These fragments can cause the same damage to internal components as the original
debris fragments. They can destroy electronic components, short circuits, and contaminate fuel
cells even if the piece of debris has not penetrated the skin of the satellite. Contamination is a
major consideration in fuel systems and radiator cooling systems. Contamination with very small
spallation pieces can clog the attitude control jets, fuel lines and fuel pumps, since fuel injectors
are particularly susceptible to small debris in the fuel.
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Another effect of spalling is to decrease the eflective thickness of a plate. A crater ">rmed by
a particle on the surface and a pit on the backside formed by spalling can join, forming . :i72
where neither damage mechanism alone would have created one.

42.4 SHOCK

Damage within a spacecraft can be caused without a direct impact from fragments or an
impulsive wave. A collision with a large debris deposits a significant amount of energy in the
spacecralt. Much of this energy is distributed throughout the spacecraft by a travelling shock
wave. Energy is transmitted along support structures and other materials, reaching parts of the
spacecraft far from the point of collision. Depending on the size of the impacting debris, this shock
can cause the total destruction of the spacecraft as it propagates though it. This phenomenon is
confirmed by the estimated and observed debris created by on-orbit collisions, such as those done
by the United States' anti-satellite weapons tests. Shock waves can additionally cause failure of
electronic components, shatter optical components, and destroy antennas and solar arrays.

4.2.5 SECONDARY EFFECTS

Secondary effects of collisions with debris include explosions of spacecraft subsystems
such as fuel tanks or pressure tanks that will then cause failure or other damage to the remaining
spacecraft systems. The damage to a pressurized compartment may exceed a critical flaw length
and result in unstable crack growth or "unzipping". Other failures may be the rupture of a fuel
tank or cell resulting in either a detonation or an uncontrolled rapid maneuver that may exceed
other performance limits of the satellite.

There are other damage and system failures that can be caused by space debris. The main
failure modes for the space station are outlined below. NASA lists the failure modes as:

¢ Catastrophic Rupture

* Internal Fragments

* Leakage

¢ Dellagration

¢ Detonation

¢ Light Flash

¢ Pressure Pulse

« Reduced Structural Strength

¢ Degraded Performance

¢ Electrical Short

¢ Long-Term Flaw Growth (Cyclical Loading)
¢ Exterr al Secondary Eject and Penetration Products
¢ Propagating Failure
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Table 12 shows which subsystems are most susceptible to a specific type of damage. Tihis
mformation is taken from a NASA briefing, but it was originally from a 1970 NASA report on
meteorod damage assessment. The information is still valid today.

Table 12. Probable Critical Types of Failure for Various Subsysteins

Subsystems
Probable Critical Pressure _ ' .| Special
Types of Failure Cabins Tanks | Radiatorg Windows| Electronic Surfaces
Catastrophic Rupture X X X
Detached Spalling X X X X
Secondary Factures X X
Leakage X X X
Shock Pulse X X X
Vapor Flash X
Detlagration X
Deformation X X
Reduced Residual Strengh X X X X
Fluid Contamination X X
Thermal insulation Damage X X
Obscuration X
Erosion X X

NASA SP-8042, Meteoriod Damage Assessment, space vehicle Design Criteria (Structures),
May 1970 obtained from E.L. Christiansen briefing, Meteor/Debris Shielding, 2 April 1991.
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4.3 Hypervelocity Impact Test Results

Many of the effects caused by a collision can be seen in the results of hypervelocity impact
tests McDonnell Douglas conducted at the University of Dayton Research Institute. In these tests,
pellets of various materials were fired by a gas gun to study pellet impact effects on satellite
structural configurations.4! The tests typically involved 1 gram pellets impacting various shield
configurations at velocities of up to 6.4 km/sec. While originally done to study the feasibility of
protecting satellites against anti-satellite weapons, these tests also apply directly to the area of
orbital debris proteciion.

In one test a 0.441 gram, 0.5 cm steel pellet impacted at 6.44 km/sec a multiple shield
made of six 0.2 cm aluminum plates shown in Figure 47. The first, second, and third shield are
penetrated, and the fourth shows significant damage but no penetration. The hole in the first
plate is small and clean. The hole in the second plate is significantly larger than the first plate
because the pellet fragmented and spread over a larger area as described earlier. The debris
impacting the second plate includes the pellet fragments and the mass of the [irst plate that was
punched out by the projectile. The spreading of the fragments and the dispersion angle can be
measured by using the pattern left by impacting debris on the second plate.

The third plate has a larger hole and some tearing, which is more characteristic of lower
velocities and impulsive loading.4! The fourth plate received the combination of the fragments
from the original projectile and the particles released from the other surfaces, but because the
remaining energy was spread over a larger area, the plate was not perforated.

In a similar test, a 0.5 cm diameter, 1 gram pellet of Tantalum was fired at 6.45 km/sec into
a similar shield structure made of six 0.2 aluminum plates. Figure 48 shows the results of this
test. In this figure, four shields are penetrated and a fifth is significantly damaged. Tantalum has a
higher density and boiling point and does not fragment as easily as steel. This resulted in a
smaller hole in the second plate and the deeper penetration through the shields.

41 McDonnell Douglas Corporation, Space Systems Company, Electronic Systems Company
(1990) ASAT Technology -- Lethality, presented to Electronic Systems Division Director of
Intelligence, Hanscom Air Force Base, 26 July 1990.

76



Figure 47. Steel Pellet Impact Test. 0.441 gram, 0.5 cm
diameter steel pellet at 6.44 km/sec.4!
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Figure 48. Tantalum Pellet Impact Test. 1.018 gram
tantalum pellet at 6.54 km/sec.4!
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In an effort to analyze the effect of pellet mass on penetration depth, two additional tests
were run similar to the first steel pellet test, except a 1 gram, 0.635 cm diameter steel pellet and a
0.131 gram, 0.31 cm diameter steel pellet were used. In both tests the fourth plate was penetrated
and the fifth plate had dimples and aluminum deposits which had been ejected from earlier plates.
These results are very similar to still another test using a 0.44 gram, 0.5 cm diameter steel
projectile, indicating that the pellet or debris material is much more important than small changes
in the mass of the object when determining penetrating ability.4! During these tests it is difficult
to distinguish between damage caused by fragments from the impacted plates and those of the
projectile.

In a further series of tests conducted to study the effects of different impact angles, a 1
gram, 0.5 cm pellet was fired into plates at a 30 degree incident angle (60 degrees off normal),
instead of 90 degrees as in the earlier tests. Because of the impact angle of these tests, the
projectile fragments traveled further and dispersed more prior to impacting the subsequent plate.
This resulted in a significant reduction in the penctration of the fragments. Figure 49 shows the
results of this test. On the second plate two impact areas are evident. One area is along the angle
of impact and a second is nearly perpendicular to the point of impact. This second impact point is
caused by material released from the first plate. The results of this test also indicated that
although the third plate was not penetrated, the fourth plate did contain small craters and
aluminum deposits caused by spallation from the third plate.4!

A summary of the tests performed are given in Tables 13 and 14.
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Figure 49. Tantalum Pellet Impact Test at 30 Degrees.
1.013 gram Pellet at 6.45 km/sec



Table 13. 90 Degree Impact Tests Results from the University of Dayton Research Institute

Test Peliet Plate Damage
Number Material Mass Diameter Velocity Separation Thickness Last plate penetrated
(Gram) (cm) (km/sec) (cm) (cm) and remarks

1110 St 0441 0.48 6.44 7.6 0.2 3, small bulges in 4.

1116 St 1.044 0.63 6.49 7.6 0.2 3, small buiges in 4

1118 St 0.441 0.48 6.32 7.6 0.1 3, tear in 4, Aluminum
deposits on 5 but not bent

1119 Stl 1.044 0.63 6.54 15.2 0.2 3 smallbendin 4

1120 Ta 1.018 0.49 6.54 7.6 0.2 4, Al deposits on 5 - dimpled

1123 St 0.131 0.32 6.45 3.8 0.1 3 small hole and bend in 4,
5 dimpledw/Al deposits

Table 14. 30 Degree Impact Tests Resulls from the University of Dayton Research Institute

Test Pellet Plate Damage
Number Material Mass Diameter Velocity Separation Thickness Last plate penetrated
(Gram) (cm) (km/sec) (cm) (cm) and remarks
1111 St 0 441 0.48 6.44 7.6 0.2 2, small dimple in 3
1117 St 1.044 0.63 6.59 7.6 0.2 2, bend w/al spalsh on 3
1121 Ta 1.013. 0.49 6.45 7.6 0.2 2 w/severe bend, small holes

in 3 w/bend and al deposits,
small pocks on 4

It is important to point out that these test were performed to study the possibility of
protecuing satellites against anti-satellite weapons. Consequently the shields used were much
heavier and ofler much more protection than what would be used on any space system.

Because of the very high velocities and large kinetic energies involved in collisions with
debris, damage caused by even small objects can be catastrophic lo space systems. The damage is
caused by a number of different mechanism including particle impact, impulsive loading, spalling,
and shock. The extent ol the damage is a function of the velocity. impact angle, size, and material
of the debris. Hypervelocity impact studies done for anti-satellite weapons tests show the dramatic
elfect of collisions with debris.
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8. SPACE SURVEILLANCE SYSTEM

To understand the United States' space surveillance capabilities to measure and track space
debris, it is necessary to take a close look at the mission of the Space Surveillance System and the
requirements placed upon it. In addition, US Space Command priorities and how these priorities
affect space debris measurements, and an evaluation of the radars and optical sensors used to
collect the orbital data on the objects critically determine the capabilities of US Space Command.
The value of using the Satellite Catalog for space debris measurements will be assessed based on
these facts.

5.1 The Space Surveillance System

The United States has established the Space Surveillance System to track, detect, identify,
and catalog space objects. The Space Surveillance System is operated by the United States Space
Command and its three component commands: Air Force Space Command (which has the main
role),42 Navy Space Command and Army Space Command.

The task of the Space Surveillance System is to identify and classify all detected objects,
maintain an accurate and current catalog of them, and provide relevant information to military
and civilian agencies and the scientific community.42 This information includes orbital
characteristics, radar signature, and nationality of space objects. The Space Surveillance System
consists of the Space Surveillance Network, a group of 29 sensors located around the world: the
Space Surveillance Center, located inside the Cheyenne Mountain Complex near Colorado
Springs, Colorado: and an Alternate Space Surveillance Center operated by the US Navy, located
in Dahligren Virginia.

The Space Surveillance System provides the following information:

* New space launch detection and tracking information,

e Foreign satellite function identification,

¢ Satellite maneuver identification,

¢ Collision avoidance information,

¢ Dala on satellite overflights of specific locations,

* Re-entering objects’ impact points,

* Advance warning of attack on US space assets,

* Targeting information for the US anti-satellite system,

¢ Successflul and unsuccessful attack verification information.

42 Air Command and Staff College, (1985) AU-18: Space Handbook, Maxwell Air Force Base,
Alabama: Air University Press, p. 12-10.
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The primary method of promulgating this information is the United States Space
Command Satellite Catalog. The Satellite Catalog contains information on the identification,
origin, orbital parameters, and radar cross section of all identified space objects that are regularly
tracked by United States Space Command.

An array of US organizations rely on the Space Command Catalog data to track and
operate their satellites, including NASA, NOAA, and the intelligence community. US allies are also
given access (o the data. since none of our European allies maintain a comprehensive space
surveillance network. Instead they rely on our Satellite Catalog to re-establish contact or locate
their satellites in the event of a problem during launch or while in orbit.2 While the European
Space Agency has called for the development of such a system for their own use, the cost and
complexity has proven prohibitive.2 The only other country beside the US that maintains a
comprehensive salellite catalog is the Soviet Union,

Space Command believes that the sizes of space objects in its catalog range from a wrench
dropped by an astronaut to satellites weighing several tons. But the size of space debris that
would destroy most space systems in a collision is on the order of one-half centimeter in diameter,
significantly smaller than the current detections capabilities of the Space Surveillance System.
This is the root cause of the risk created by space debris: it is not possible to detect all the
dangerous objects in orbit around the Earth.

The 29 sensors that form the Space Surveillance Network range from older, dish-type,
mechanically-steered radars to more modern phased array radars to large telescopes with sensitive,
clectro-optical detectors. Dala collected by these sensors are transmitted to the Space Survetllance
Center located inside the Cheyenne Mountain Complex just outside Colorado Springs, Colorado.
Here the observations are processed, satellites are identified, and accurate orbital parameters are
determined.

The Space Surveillance Center maintains orbital parameters of all cataloged objects. This is
done by making routine observations of the satellites' positions and then determining their orbits.
Observations are correlated with cataloged objects and orbital parameters are updated. This is
known as "maintaining the catalog”. If a detected object does not correlate with a previously
cataloged object, then additional measurements are made to make a preliminary orbit
characterization and determine if it poses a threat to the United States or any of its assets. It is
later analyzed to determine its precise orbit, its origin, and its nationality before it is eventually
added to the Satellite Catalog. At least this is how the system is designed to work in principle.

5.2 Missions of the Space Surveillance System

There are several missions of the Space Surveillance System. Some have very high priority
such as Ballistic Missile Early Warning, satellite orbit prediction, and satellite identification.
Others such as space debris measurements, re-entry predictions, and orbital collision warning are
designated as secondary missions.



5.2.1 SATELLITE POSITION PREDICTION

To correlate new observations with objects in the Satellite Catalog. to communicate with
satellites or to make observations on satellites, the orbit and future positions of the satellites
must be known in order to aim antennas and sensors towards any specific satellite. The Space
Command Catalog provides the information required to predict the location of all cataloged
satellites as a function of time. This information is used by a large number of organizations to
download information from satellites and uplink commands to them.

Satellite prediction routines are hampered by the unpredictable effects of the atmosphere,
which cause errors that continue to propagate. Over time, these errors will multiply as the
satellite's predicted orbit gets farther from its actual orbit. When the errors in the prediction
routine get too large, the sensors can not find the satellites that they are attempting to observe. If
the satellite is not within a specified range of its predicted position, then additional effort and time
must be spent to locate it. This is the reason the Space Surveillance System must continue to
make observations of satellites once they have been detected and cataloged to keep the catalog
current.

Maintaining the catalog becomes a major problem during periods of geomagnetic activity or
solar storms because the atmospheric model used by Space Command to predict the positions of
satellites does not model the atmosphere accurately during these periods. Solar or geomagnetic
storms can significantly change the atmosphere in low-Earth orbit, especially at high latitudes
where much of the energy is deposited. Atmospheric density variations in the polar regions can
reach as high as 1000 percent above normal. The increase in density causes an increase in
atmospheric drag and significantly changes the satellite orbit from its predicted position. Both in-
track (along the line of motion) and cross-track (perpendicular to the orbital plane) variations can
occur. High altitude wind velocities in the polar regions can exceed several kilometers per second
and can cause significant cross-track errors.

If the Satellite Catalog is not maintained, there can be several consequences. If an active
satellite is not near its predicted position and communications cannot be established, then
commands to it cannot be transmitted or data cannot be received. Consider a scientific satellite
that needs to download data every 24 hours because of a limited on-orbit storage system. If
communications cannot be established, older data will either be overwritten or data collection
must stop. In either case data is lost. The same may be true of reconnaissance satellites. If
operational commands are not received by the satellite, an overflight and observational
opportunity may be missed and a chance to observe a specific activity or location is lost.

Maintaining the Satellite Catalog consumes the majority of the Space Surveillance
System's resources. To maintain the catalog, each object, depending on the altitude of its orbit,
must be observed and accurately tracked every 2 to 10 days. Other satellites whose positions must
be known precisely, such as the Global Positioning Satellites, require more frequent observations.
Additional observations are required for all low Earth orbiting satellites during periods of increased
solar or geomey'netic activities.



5.2.2 SATELLITE IDENTIFICATION/EARLY WARNING

A primary purpose of the Space Surveillance System is the rapid identification of objects
detected by the US early warning radars and other sensors. Detected objects are checked against
the Satellite Catalog at the radar sites. If the detected object does not match a known object
additional measurements must be made in order to identify it and determine if it poses a threat to
the United Sates. This allows US Space Command to quickly identify new versus old space objects
and determine if there is a military threat posed by the new object, requiring rapid reaction.

The threat US Space Cormmand is most concerned with is an Intercontinental Ballistic
Missile attack from the Soviet Union. This is the main purpose of the North American Air Defense
Command (NORAD). The Space Surveillance Mission has been inherited by US Space Command
from NORAD, which is responsible for Ballistic Missile Early Warning. The US Space Command
and NORAD have the same commander. The sensors used to provide information to NORAD are
owned and operated primarily by US Space Command.

Other types of threats include those posed by anti-satellite weapons. In the 1980's, the US
was very concerned with the operational status of the Soviel anti-satellite system. At that time the
role of the Space Surveillance System was to provide rapid identification of an unknown satellite
and determine its mission and purpose. If it were an anti-satellite weapon and was expected (o
engage a United States satellite, quick response would be needed to maneuver the targeted
satellite out of harm's way. Also, military and civilian leaders would be notified of a possible
attack. This concern has diminished significantly due to the recent changes in the Soviet Union.

Additional considerations require the rapid identification of new satellites and their
missions. Different actions must be taken if a newly detected satellite is an intelligence satellite
versus a communications satellite. Space Command provides information to a number of
organizations, informing them of satellite overflights. This tells organizations when a satellite will
be in view of sensors and when they themselves will be in view of a satellite's sensors. They can
then direct their sensors to observe the satellite or they can conceal secret activities. The launch of
a new intelligence satellite must be quickly identified so that secret activities can be concealed
prior to its overflight. Satellite mission identification can be accomplished by using radio
emissions, optical imagery. and orbital characteristics.

An example of a Soviet faflure to identify a satellite was the KH-11 satellite. This US
photographic intelligence satellite transmitted its signals up Lo other satellites instead of down to
ground stations as other intelligence satellites typically did. The Soviets thought this was a dead
satellite because it did not emit radio signals that they could detect. Since they thought it was a
dead satellite, they did not take the precautions they would have if they knew it was an active
intelligence satellite (such as concealing secret activities during overflight). The satellite's purpose
remained a secret until the manual for the KH-11 satellite was sold to the Soviets by an ex-CIA
operative in 1977,
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5.2.3 RE-ENTRY PREDICTION

Another mission of the Space Surveillance System is to predict when objects will re-enter
the atmosphere and whether they pose a threat to people or property. The Space Surveillance
Center increases the observation frequency of objects as they re-enter the atmosphere so they can
predict more accurately the time and location of re-entry. While most of these objects burn-up
during re-entry. some survive and impact the Earth's surface.

Another reason for keeping track of spacecraft re-entering the atmosphere stems from the
1967 United Nations Space Treaty that makes each country absolutely responsible for damage
done by their returning spacecraft. Space Command closely monitors any object that is large
enough to possibly survive re-entry and impact the Earth. This reasoning may some day be
extended to include damage to other space systems by debris. These legal aspects of space debris
will be covered in a later section.

5.2.4 COLLISION AVOIDANCE

The Space Surveillance Center also provides collision avoidance alerts to high priority
systems such as the Space Shuttle and specialized satellites. These alerts are issued whenever a
cataloged object is predicted to pass within a certain range of the spacecraft. This warning would
allow for orbital maneuvers that could limit the chance of collisions. Examples of this occurred in
September and November 1991 when the Space Shuttle made small orbital maneuvers to avoid
used Soviet rocket boosters after being alerted by the Space Surveillance Center. Shuttle launch
profiles are also checked before each mission for possible collision paths. This collision avoidance
mission will become significantly more important as the space debris environment continues to
grow and the frequency of close approaches increases.

5.3 The Space Surveillance Network

The Space Surveillance Network uses radars, telescopes, cameras and radio receivers to
make 30.000 to 50,000 satellite and debris observations each day. These observations are
correlated with the Satellite Catalog at each sensor site. Orbital measurement observations of
certain satellites and uncorrelated objects are transmitted to the Space Surveillance Center to
update the Satellite Catalog and to correlate the observations with other uncataloged objects.

To keep track of the 7,000 objects that are currently in the catalog, Space Command relies
on a number of different optical and radar sensor systems located around the world. The typical
ranges and detectable sizes for radar and optical systems are shown in Figure 50. Radars are
typically used for low-Earth orbit satellites and optical systems are typically used for high-Earth
orbit and geostationary orbits. The locations of the systems used in the Space Surveillance
Network are shown in Figure 51. A full listing of these systems is provided in Table 15 at the end of
this section.
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Figure 50. Detection Capability of Space Command Radar and Optical Systems!7?
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Figure 51. Location of the Sensors in the Space Surveillance Network?2
In order to determine the capabilities of the Space Surveillance Network it is important to analyze
the performance of the individual sensors used in it.
5.3.1 RADAR SYSTEMS

US Space Command operates a large number of radar systems, the majority of which are
designed to provide early warning of a ballistic missile attack on the United States. These radars
include modern, phased- array radars, fixed beam fan radars, and steerable dish antennas. The
main dedicated sensor for space surveillance is the Naval Space Surveillance System Fence.

53.1.1 Naval Space Surveillance System

The primary radar system in the Space Surveillance System is the Naval Space
Surveillance System (NAVSPASUR). This system was built in response to the Soviet launch of
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Sputnik and became operational in 1959. Since then the system has been updated. but the
operational principle has changed little. NAVSPASUR consists of three transmilter and six receiver
systems. The three transmitters form a fan or "fence” of energy across the United States from
Georgia tc California. When objects cross this fence they reflect its radio waves. These reflected
radio waves are then detected by a number of receivers. This provides some orbital data on all
detected objects crossing the fence. The data includes the altitude, time and location where the
object crossed the fence and an approximate radar cross section. This system is not used to make
observations of specific objects as most other radar systems are. Given the radio power, the vast
area the fence covers and the sensitivity of the receiver system, this system is currently limited to
detecting metallic objects on the order of 30 cm or larger.43 The NAVSPASUR fence usually
provides the first indication of a satellite or rocket body breakup.

53.1.2 FPS-85

The FPS-85 radar system is located at Eglin Air Force Base, Florida and is the Air
Force's most powerful phased array radar system. This system's mission is dedicated to the space
surveillance mission, the detection of sea launched ballistic missiles (SLBMs) fired from the Gulf of
Mexico. and intermediate range ballistic missiles (IRBMs) launched from Cuba. Even though it is
an older phased array radar, beams of this system have the highest power density. And, although
it does not include many of the modern receiver features of the PAVE PAWS radar system, its high
power output makes it particularly effective in looking for small debris.

53.1.3 Early Warning Radars

In addition to the Navy's NAVSPASUR system, the Air Force operates a large number of
missile warning and missile {est monitoring radars. These systems include the older Ballistic
Missile Early Waming System (BMEWS) and the more modern, phased array radar systems such
as the PAVE PAWS. These systems are placed strategically around the United States and the world
to provide advanced dctection of Soviet intercontinental ballistic missile (ICBM} launches. As a
result of observations looking for ICBM launches, these systems see salellites and debris that are
reported to the Space Surveillance Center.

5.3.1.3.1 Perimeter Acquisition and Attack Characterization System

The Perimeter Acquisition and Attack Characterization System (PARCS) located at
Concrete, North Dakota is also one of Space Conunand'’s most powerful radars. As its name
implies, it is designed to characterize a nuclear attack on the United States, but is also able to

43 Improving the fence, (1991) Space Tracks, Naval Space Command , January-February 1991,
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perform some space surveillance functions for the Space Surveillance Network. During specialized
tests this system can detect objects as small as 8 cm or less. 44

5.3.1.3.2 Ballistic Missiles Early Warning Radars (BMEWS)

The BMEWS radars were built in 1960. They have long-range fan: type beam patterns
formed by their fixed elongated antennas and are intended to provide the first indications of a
Soviet ICBM attack over the North Pole. They observe a wide angle of sky, and they can detect
many objects simultaneously.

5.3.1.3.3 COBRA DANE and the AN/FPS-79

COBRA DANE and the AN/FPS-79 radars are employed to monitor Soviet ICBM tests.
They are large phased array radar systems with a range reported to be 40,000 km.45 But Air Force
Space Command reports the effective range as about 5,500 km.46 COBRA DANE is an L-band
radar system and is located at Shemya, Alaska in the Aleutian Islands. AN/FPS-79 is an ultra-
high frequency (UHF) radar system and is located in Pirinclik, Turkey.

In addition to these sensors there are a number of other radar systems that can be
used to track space objects, if required. These include the tracking radars used at the Eastern Test
range at Cape Canaveral, Florida. those used at the Western Test Range at Vandenburg AFB,
California, and those in the Kwajalein Atoll in the South Pacific. Another specialized system that
can be used for debris tracking is the Haystack radar for deep space operations, which is operated
by Massachuselts Institute of Technology in Massachusetts. Haystack is currently being used by
NASA for observing space debris.

53.2 OPTICAL SENSORS

In addition to radars that illuminate their targets with electromagnetic radiation, there are
also passive optical systems that rely on reflected sunlight to illuminate objects. These systems
are limited in their hours of operation because the satellite must be illuminated by the sun and be
in view of the optical sensor while it is in the dark. For low-Earth orbit objects, this occurs near
the dawn or dusk terminator periods. This limited time restricts the value of all optical systems for

44 United States Air Force Scientific Advisory Board, (1987) Report of the Ad Hoc Committee on
Current and Potential Technology to Protect Atr Force Space Missions from Current and Future Debris,
United States Air Force Scientific Advisory Board.

45 Stares, Paul B. (1987) Space and National Security, The Brooking Institution, Washington,
D.C.,

46 Jackson, P. (1990) Space surveillance satellite catalog maintenance, Article AIAA 90-
1339 from the AIAA/NASA/DOD Orbital Debris Conference: Technical Issues & Future Directions,
16-19 April 1990, Baltimore, Maryland.



debris characterization. The available time for tracking higher altitude satellites is significantly
longer. Because of this fact, optical systems are currently used to track high altitude objects--
those over 5000 km.44 The minimum detectable size of an object depends heavily on its reflectivily.
which can vary by as much as a factor of 10.44

53.2.1 Ground-Based Electro-Optical Deep Space Surveillance Systems

The Ground-Based Electro-Optical Deep Space Surveillance (GEODSS) Systems are
the primary surveillance systems used by Space Command. There are currently four operational
sites, and a fifth is awaiting installation. These systems are at various sites around the world in
order to provide regular coverage of most orbits.

A GEODSS system consists of two 40-inch telescopes for deep space observations and
a smaller, wider angle 15-inch telescope for near-earth applications. These telescopes focus the
image on a vidicon television camera system. The stars are subtracted and the resulting image is
displayed on a video console. Satellites appear as streaks across the monitor. The electro-optical
system allows for rapid processing so position and identification data can be transmitted to the
Space Surveillance Center in seconds.47

53.2.2 Baker-Nunn Cameras

Two large aperture camera systems were used since 1956 to provide deep space
surveillance prior to the development of the GEODSS system. Built in 1956, these sensitive
cameras provided satellite tracking out to 80,000 km altitude. The two sites, located in Canada
and ltaly, provided coverage for most of the geosynchronous ring. These systems used high speed
film and required hours of processing and interpretation before the information was sent to the
Space Surveillance Center. These deficiencies have been corrected with the new electro-optical
system of the GEODSS telescopes.

53.2.3 Other Optical Systems

Another optical system utilized for space surveillance and imaging is the Maui Optical
Tracking and Identification Facility (MOTIF) located on Mt Haleakala, Maui. This system is used to
identify the shape and hence the mission of loreign satellites. It is co-located with the Advanced
Maui Optical Site and a GEODSS site. Another optical system is the Teal Amber site at Malabar,
Florida. Further advances in spacecraft imaging utilizing adaptive optics have been made by

47 United States Space Command, Directorate of Public Affairs, (1988) Fact Sheet: The U.S.
SpaceCommand Space Surveillance Network, United States Space Command, Peterson Air Force
Base, Colorado.
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Phillips Laboratory at the Star Fire Optical Range near Albuguerque, New Mexico. These new
systems have only recently been declassified.48

8.4 Detection Capability of the Space Surveillance System
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